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ABSTRACT 
 
Queensland University of Technology, in Brisbane city, Queensland, Australia, has a number of car 
park facilities for staff, students and visitors at all times during the year. This study investigates the 
level of pollutants in three car parks at QUT, one at Kelvin Grove campus and two at the Gardens 
Point campus. The aims of this investigation were to assess the levels of polycyclic aromatic 
hydrocarbons (PAHs) and heavy metals in QUT car parks based on location and design. In addition, 
comparisons between site designs were assessed to identify the possible sources of heavy metals and 
PAHs. In particular, correlations between the level of pollutants at these car parks with the type of 
surroundings, roads and vehicle emissions have been made using multivariate data analysis 
techniques. 
 
The car park samples were collected during the period of October 2014 and February 2015 on a 
weekly basis from Science and Engineering Centre Basement level car park (Gardens Point campus), 
Under Freeway car park (Gardens Point campus) and the Sports Lane car park (Kelvin Grove 
campus). Samples were analysed for two different groups of pollutants: heavy metals and PAHs. The 
analyses were carried-out on samples with particle sizes of 212-106µm, 106-63µm and less than 
63µm. The particles were digested using microwave acid digestion and analysed with ICP-MS for: 
sodium (Na), magnesium (Mg), aluminium (Al), calcium (Ca), chromium (Cr), manganese (Mn), iron 
(Fe), cobalt (Co), nickel (Ni), copper (Cu), cadmium (Cd) zinc (Zn), barium (Ba) and lead (Pb). 
Analysis of PAHs were digested by accelerated solvent extraction (ASE) and analysed by GCMS for: 
naphthalene (NAP),  acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene 
(PHE), anthracene (ANT), fluoranthene (FLT), pyrene (PYR), benz (a)anthracene (BAA),  chrysene 
(CHR),  benzo(b)fluoranthene (BBF), benzo(a)pyrene (BAP), indeno (1.2.3.cd)pyrene (IND),  
dibenzo (a.h) anthracene (DBA) and benzo (g.h.i) perylene (BGP), as well as  2-bromonapthalene 
(BNAP). The data was subjected to multivariate data analysis techniques such as principal component 
analysis (PCA) and cluster analysis (CA) in order to rank the samples and to identify groups of 
pollutants, and thus identify sources.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 
INTRODUCTION 
An increasing amount of pollution exists throughout the world today attributed to the human 
population and an increasing requirement on industrial activities, motor vehicles and fossil fuels. 
Recently, there have been increasing concentrations of heavy metals and polycyclic aromatic 
hydrocarbons found in waterbodies and the atmosphere. The highest concentrations of atmospheric 
PAHs and heavy metals can be found in the urban environment, due to increasing vehicular traffic and 
the dispersion of atmospheric pollutants. The spread of these pollutants causes much environmental 
damage as well as numerous human health effects, such as cancer. Various scientific studies have 
demonstrated that sources of pollutants can be through passive or active exposure.  
 
Polycyclic aromatic hydrocarbons (PAHs) are organic compounds that consist of two or more 
benzene rings. Polycyclic aromatic hydrocarbons (PAHs), also known as polynuclear aromatic 
hydrocarbons or polyarenes that are generated from the incomplete combustion or pyrolysis of 
organic material [1]. Naturally occurring PAHs found within the atmosphere comes from natural 
combustion such as volcanic eruptions and forest fires. Moreover, PAHs can be derived from the 
vehicle emission, power generation  by fossil fuel combustion, petroleum refining, and waste burning 
[2]. Bojes and Pope [3]reported that the US EPA has classified 16 of the PAHs as priority 
contaminants based on toxicity, potential for human exposure, especially, chrysene, 
benzo(a)anthracene, benzo(b) fluoranthene, benzo(a)pyrene, benzo(k)fluoranthene, 
dibenz(a,h)anthracene, and indeno (1,2,3-cd) pyrene, as probable human carcinogens .  
 
Heavy metals are also a group of widespread pollutants in the environment that are primarily created 
by industrial activities, exploration, traffic emissions, and weathering of building materials. A number 
of studies have shown that atmospheric emissions of trace elements found in urban areas are generally 
from waste incineration, industrial activities and burning fossil fuels [4, 5].  Vehicle emissions 
(exhaust fumes) are the primary source of heavy metals in highly developed cities, including Cr, Cu, 
Zn, Cd, Pb, Br, Fe and Ba [6]. Emissions from vehicles are of particular concern due to the 
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exponential increase in the population; for example, in 2010, the number of motor vehicles in China 
alone was 190 million [6]. 
 
  By some estimates, India has more truly congested cities compared to some other nations and it is 
also the world’s second-most populous country, after China [7].  Chakrabartty and  Gupta [8]indicated 
that  high population growth and a high growth in the number of vehicles have led to the problem of 
congestion and increased vehicular emissions that has been the main source of pollution in India. 
Indians bought 1.5 million cars in 2007, over two times of that in 2003, for example, Kolkata, 
Mumbai, Delhi and Bengaluru have 5% of India's population but 14% of its registered vehicles [7]. 
There are a large number of health issues associated with heavy metals and include: vision 
impairment, neurological disability, mental confusion, headaches, allergies, short-term memory loss, 
kidney failure and gastrointestinal troubles  [9] 
 
House dust samples from residential homes in Brisbane, Ipswich and Toowoomba were analysed for 
different types of PAHs such as BAP, CAY, PHE and ANT, as well elements such as Ca, Fe, Al, Mg, 
Pb and Zn [10]. In addition, Mostert et. al., [11]researched levels of  pollutants in 50 playgrounds at 
public parks in south-east Queensland and indicated that there were a number of different pollutants 
found. The study found that about 5% was contributed to runoff derived from fertilizers, 7% from 
playground materials, 13-19% from various vehicular emissions and 21-24% heavy metal [11]. In 
addition, the study by Gunawardana [12]revealed the adsorption behaviour of heavy metal species on 
solids found on urban road surfaces; samples collected included sixteen road surfaces in four 
urbanised suburbs in the Gold Coast region were sampled. 
 
There are substantial levels of contamination in the environment, in particular, commercial, industrial 
and urban areas, which may cause several health effects. Heavy metals and polycyclic aromatic 
hydrocarbons (PAHs) are a major factor in the increasing incidence of these health effects. As a 
result, there is increasing interest in the study of these pollutants around the world. This study 
investigated the level of pollutants in three carparks at QUT.  
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This chapter presents the literature review for all subjects related to the research study. The following 
main points are covered:  
Heavy metals 
• Definition 
• Sources 
• Risks associated with heavy metals 
Polycyclic aromatic hydrocarbons (PAHs) 
• Definition 
• Structures of PAHs 
• Sources of PAHs 
• Risks associated with polycyclic aromatic hydrocarbons (PAHs) 
 
HEAVY METALS  
Definition 
In literature, some of metals are called “heavy metal” due to their high relative atomic mass e.g., lead 
(Pb), cadmium (Cd), copper (Cu), zinc (Zn), iron (Fe), manganese (Mn), nickel (Ni) and chromium 
(Cr), however this is not always the case.  Examples of heavy metals include lead, mercury, cadmium 
and chromium. Less commonly referred to heavy metals include iron, copper, zinc, aluminium, 
beryllium, cobalt, manganese and arsenic. Peng-Hui et al., [6] described heavy metals as a group of 
pollutants in the atmosphere that generally result from industrial activities, vehicular emissions, 
household emission and maintenance of pavements and buildings. Although some natural sources lead 
to large metal emissions, human activities are responsible for most of their emissions in urban areas 
[6].  
Sources of heavy metals  
Heavy metals have been increasingly entering the urban environment during recent times due to 
burning fuel oils and industrial dust. Tchounwou et al.,[13] indicated that natural sources for heavy 
metal  are natural phenomena such as weathering and volcanic eruptions. Chander et al., [14] reported 
that industrial processes, manufacturing and exploration are other significant sources of heavy metals. 
Industrial sources include metal processing in refineries, nuclear power stations and high tension 
lines, petroleum combustion, coal burning in power plants, microelectronics, plastics, textiles, wood 
preservation and paper processing plants[13]. 
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Heavy metals are released during industrial processes into air and water when discharged into the 
environment. In water, heavy metals can readily be adsorbed to stream or river sediments, in 
particular clays and other fine grained materials [15]. Whereas, in the air they may be resuspended by 
wind, and enter the human body through inhalation, and/or deposited on soils [16]. 
 
Elements may enter into aquatic ecosystems by normal processes and human activities and may be 
found in both sediment and seawater.  Kara et al[17] reported that there are two major sources of 
elements in aquatic environments: (1) inputs resulting from the interaction of seawater with newly 
formed crustal rocks as natural sources , (2) atmospheric deposition and/or discharge effluents from 
rivers or surface run offs as anthropogenic sources. 
 
Heavy metals exist at relatively low concentrations in most biological systems, while much larger 
concentrations are located in soils and in underground deposits. Heavy metals may enter the body via 
drinking water, food, air, or contact with the skin. The most harmful metals to human health are lead 
(Pb), mercury (Hg), cadmium (Cd) and arsenic (As) [18]. These metals are widely found in nature, 
meaning that they are available to be taken up by plants and animals that serve as food sources for 
humans. 
 
Lead occurs naturally in the environment; however,  anthropogenic activities such as mining, fossil 
fuels burning,  and manufacturing release high  of lead concentrations into the environment [13]. 
Mercury is of particular concern due to its toxicity and accumulation in several environmental 
circumstances, especially in fish species [18]. Contamination of waters and sediments with mercury 
are typically due to mining and smelting activities [19].  Also of concern is lead, as exposure can 
negatively impact the central nervous, cardiovascular, renal, reproductive and also haematological 
systems[20, 21]. 
 
Cadmium is widely distributed in the earth's crust at an average concentration of about 0.1 mg/kg and   
is accumulated in sedimentary rocks, and marine phosphates [13]. The main source of environmental 
cadmium (Cd) exposure to humans is through the consumption of  fibre rich foods like cereals and 
vegetables, shellfish and tobacco smoking [22]. In addition, exposure can occur through  a large 
number of sources including smoking cigarettes, employment in primary metal industries, eating 
contaminated food and working in cadmium-contaminated work places [13]. Other sources of 
  5 
cadmium include emissions from industrial activities, including mining, smelting, and manufacturing 
of batteries, alloys and pigments [23]. Cadmium  is also present in trace amounts in certain foods such 
as potatoes, leafy vegetables, grains,  seeds, liver and kidney, and crustaceans and mollusks [24]. 
 
Chromium is widely used in numerous industrial processes such as industrial welding, chrome 
plating, dyes and pigments, leather tanning and wood preservation [13]. Faiz et al., [25] reported that 
copper is an essential trace element that is broadly dispersed in the environment with exposure 
possible from animals, plants, several foods and drinking water. Zinc is a necessary trace element, that 
is present in soil, but can be toxic when exposures exceed physiological needs [25]. An increased 
level of  zinc may interfere with homeostasis and the levels of other necessary elements [25]. 
 
A number of heavy metals, in particular Cd, Cu, Ni, Pb and Zn are released into the atmosphere by 
means of fossil fuel usage, gas and garbage incinerators [25]. Many environmental and biological 
studies have shown that Cr, Cu, Zn, Cd, Sb, Br, Fe and Ba concentrations in urban areas are primarily 
from vehicular emissions [6]. In urban regions, vehicle related emissions including brake wears, fuel 
combustion and tires abrasion are among the main  sources of  metals in the ambient air [26]. Heavy 
metals such as  Fe, Pb, Mn, Zn, Cu, Cd, Ni, and Cr are emitted from traffic sources [27]. 
 
Polluted roadside soils may pose a risk to health if the metals are transferred to other reservoirs.  
Some studies have demonstrated that Cu, Pb and Zn  can be transported into rivers, lakes, near shore 
seawater or maybe into sediments[28]. The metals can certainly enter the food chain as a result of the 
ingestion of edible plants [29]. Humans and  animals  can  also ingest metals directly through 
inhalation of soil dust [30]. Other heavy metals of interest include arsenic, mercury, antimony, 
chromium, manganese and silver as they are also deemed harmful to human health [31].   
 
Yu et al., [16] developed a pollution index (PI) to describe the amount of contamination in soils by 
heavy metals found in industrial or developing mega cities (Table 1). PI is defined as PI = Ci/Ti where 
Ci is the concentration of a given trace metal in samples and Ti is the corresponding target 
concentration of soil guidelines [16]. Moderate pollution is represented by 1 < IP ≤ 2,  while IP > 3 
represents very high pollution levels and risks [16]. 
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Zheng et al., [32] found that heavy metal levels in street dust decrease in the order of Zn > Pb > Cu > 
Cd >Hg based on comparisons of concentrations of metals in different cities. The main contributing 
sources of heavy metals in city street dusts were identified to be due to either zinc smelting, traffic 
density and/or population (Table 2). 
 
Table 1:  Pollution indices (PI) of trace metals in urban soils in different cities around the 
world [16] ,used with permission of Elsevier 
Location  As Cd Co Cr Cu Hg Ni Pb Zn 
34 European cities  0.4 1.2 0.7 0.6 1.3 0.6 0.6 1.2 0.9 
Baltimore (USA)  1.3 1.7 0.7 1.3  0.8 2.7 1 
Chicago (USA) 0.7  1.2 0.7 4.2 2.1 1 4.6 2.8 
Mexico (Mexico)    1.2 2.8  1.1 1.6 2.2 
Ibadan (Nigeria) 0.1 0.2  0.6 0.9  0.5 0.6 0.7 
Bangkok (Thailand)  0.4  0.3 1.2  0.7 0.6 0.8 
Moscow (Russia)  2.5 0.5 0.8 1.6  0.5 0.4 1.5 
Islamabad (Pakistan) 0.5 4.4 1.8  0.5  2.6 2.4 12 
Izmir (Turkey)  0.3 1.9 0.3 1  1.1 0.4 0.5 
Sialkot (Pakistan)  57 4 1.1 0.5  2.4 1.4 0.6 
Ulaanbaatar 
(Mongolia) 
0.5 1  0.2 1  0.5 0.8 1.1 
21 Chinese cities 0.4 0.5 1.5 0.7 1.1 1 0.7 0.6 0.8 
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Table 2: Heavy metals concentration in street dust from different cities (mg.kg-1) [32] ,used 
with permission of Elsevier 
Location Factor Hg 
(mg.kg-1) 
Pb 
(mg.kg-1) 
Cd 
(mg.kg-)1 
Zn 
(mg.kg-1) 
Cu 
(mg.kg-1) 
Literature 
Huludao, China Zinc 
smelting 
1.222 533 72.84 5271 264 [32] 
HeZhang, China 
(soil) 
Zinc 
smelting 
- 9000 43 11.000 - [33] 
Shenyang, China Traffic 
density 
- 106 4.35 334 81.3 [34] 
Dhaka, 
Bangladesh 
Traffic 
density 
- 54 - 169 105 [35] 
Birmingham, UK Traffic 
density 
- 48 1.62 534 466 [36] 
Oslo Traffic 
density 
- 180 1.4 412 123 [37] 
Kara Industrial 
Estate, Jordan 
Industrial 
pollution 
- 11.2 - 13.1 11.3 [38] 
 
During the time of the 2015 Motor Vehicle Census (MVC), there were 18.0 million motor 
vehicles, including Motor cycles, registered in Australia where the number of vehicles 
showed an increase of 12.1% since 2010[39]. Motor vehicles accounted for 75.2% of all 
vehicles registered for the 2015 MVC; however, all states and territories have experienced a 
decrease in the proportion of Passenger vehicles in their fleet over the 5 year period 2010 to 
2015[39]. The Northern Territory had the smallest share of the Australian fleet in the 2015 
MVC with 0.2 million registered vehicles (0.9%). Queensland had the second smallest share 
with 3.8 million vehicles (20.9%) and Victoria with nearly 4.6 million vehicles (25.4%).  
Moreover , New South Wales had the largest share of the Australian fleet in the 2015 MVC 
with 5.2 million vehicles or 29.1% of all registered vehicles[39]. 
 
An Australian study by Birch and Scollen [40] reported that heavy metal concentrations of soil in 
parklands adjacent to the  roads reduced markedly with distance from the roads and the concentration 
increased for roads with higher traffic volumes . Mean concentrations of Co, Cr, Cu, Fe, Mn, Ni, and 
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Pb increased markedly from the road with the lowest traffic density (National Street) to the street 
supporting the high traffic volumes (Parramatta Road) (Table 3)[40].  
Table 3: Heavy metal concentrations (μg/g) for road plots, fine (< 62.5 mm) fraction[40] , 
used with permission of CSIRO Publishing 
Street name Co Cr Cu Fe% Mn Ni 
 
Pb Zn 
National Street (n = 29) 
 
6 23 92 2.9 328 22 470 1417 
Marion Street (n = 47) 
 
7 39 189 3.6 364 31 737 578 
Parramatta Road (n = 28) 
 
8 57 260 3.9 438 34 1538 706 
 
 
Risks associated with heavy metals 
Heavy metals are generally pervasive ecological contaminants and concern over possible health risks 
as well as ecosystem effects has increased in recent years. Jang and Hoffman, [41] showed that living 
organisms require different levels of "heavy metals" for growth, development and sustainability such 
as iron, copper and zinc. However, other metals such as lead, cadmium and mercury have no known 
biological role in humans and thus are toxic with sufficient accumulation [41].  
 
Tchounwou et al [13] reported that metals such as cobalt (Co), copper (Cu), chromium (Cr), iron 
(Fe),magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), selenium (Se) and zinc(Zn) 
are important nutrients that are required for various physiological and biochemical  functions. 
However, a small amount of some metals may cause cellular and tissue damage leading to a variety of 
adverse effects and human diseases, for example, chromium and copper [13].  
 
At low concentrations, most organisms are tolerant to metals such as cobalt, chromium, lithium and 
iron [42]. Other metals such as aluminium (Al), antinomy (Sb), arsenic (As), barium (Ba), beryllium 
(Be), bismuth (Bi), cadmium (Cd), gallium (Ga), germanium (Ge), gold(Au), indium (In), lead (Pb), 
lithium (Li), mercury (Hg), nickel (Ni), platinum (Pt), silver (Ag), strontium (Sr), tellurium (Te), 
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thallium (Tl), tin (Sn), titanium (Ti), vanadium (V) and uranium (U) have no established biological 
functions and are considered as non-essential metals [13]. 
 
Heavy metal toxicity can damage central nervous system functions, the cardiovascular and 
gastrointestinal (GI) systems, kidneys, liver, lungs, endocrine glands, hair, nails and bones [41]. 
Furthermore, serious exposures to some metals (gold, nickel and mercury) can also lead to 
hypersensitivity (allergic reaction) [21]. The International Agency for Research on Cancer (IARC) has 
classified various metals according to the possible carcinogenicity to humans. Group 1 (carcinogens) 
metals consist of arsenic, nickel, cadmium and gallium, while Group 2B (possible carcinogens) 
consists of cobalt [21].  
 
A study by Jarup et al [42] found that long term exposure to heavy metal emissions causes several 
types of cancer, with the most prominent being lung cancer due to atmospheric particulates. Cadmium 
is a deadly toxic metal associated with heart disease, diabetes, cancers of all kind, kidney disease and 
other health problems [43] . Exposure to cadmium is commonly determined by measuring cadmium 
levels in blood or urine. Becker et al[44] estimated that about 2.3% of the U.S. population has 
elevated levels of urine cadmium (>2μg/g creatinine), a marker of chronic exposure and body burden . 
 
The inhalation of cadmium (Cd) fumes or particles can cause kidney damage via an increased 
excretion of low molecular weight proteins [such as β2-microglobulin and α1-microglobulin (protein 
HC)] [45],[46], while long-term lead (Pb) exposure can cause a disturbance of haemoglobin synthesis 
that leads to anaemia [42].   
 
Long-term high cadmium exposure can cause skeletal damage, which was first reported in Japan, 
where the itai-itai (ouch-ouch) disease (a combination of osteomalacia and osteoporosis) was 
discovered in the 1950s, caused by cadmium-contaminated water used for irrigation of local rice 
fields [42]. Exposure of cadmium near a smelter in southeast Tiongkok was associated with a higher 
lack of bone mineral thickness, causing  brittle bones and increased danger of fractures [47]. 
 
There is increasing environmental health concerns for nations around the world that continue to use 
leaded fuel or where people are exposed to household lead-based tools [48]. Jarup et al., [42] 
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indicated that symptoms of exposure to lead include abdominal pain, headache, confusion and 
reduced consciousness. Lawrence Wilson [43] reported that lead  is a widely distributed toxic metal  
and also called the horror mineral because it is associated with violence, lowered IQ, ADD, ADHD 
and many neurological problems.  
 
Inhalation exposure of copper dust or even toxic gases in concentration ranges of 0.075 to 0.12 mg-3 
has resulted in precious metal fume fever, which has symptoms such as chills, coughs and muscle 
aches [25].  Nickel may also cause adverse reactions with the skin, such as eczema[49]. The most 
common type of  nickel exposure is skin rash called nickel dermatitis, when exposed directly to it 
[25]. 
 
In animals and humans  [Cr(III)] is a necessary nutrient that plays a role in glucose, fat and protein 
metabolism ,however, occupational exposure has been a major concern because of the high risk of Cr-
induced diseases in industrial workers occupationally exposed to Cr(VI) [13].Sinicropi et at., [21] 
reported that chromium  may be readily absorbed through the skin and the gastrointestinal tract, and 
may be an important source of lung cancer.  
 
Toxicity due to chromium salts includes ulcers, dermatitis and perforation of the nasal septum.  The 
ingestion of hexavalent chromium (chromate or dichromate salts) causes diarrhoea, ulceration of the 
bowel, renal and hepatic damage [21]. Cooksey [50] reported the  Hodge and Sterner Scale (1943) 
which shows the degree of toxicity. Some heavy metals (like Fe, Zn, Ca and Mg) have been reported 
to be of bio-importance to man and their daily medicinal and dietary allowances had been 
recommended [51]. 
Based on all the above information, pollutants such as heavy metals have chronic effects on humans 
as well as the environment. Therefore, in order to understand potential sources of exposure to metals 
it is important to investigate heavy metal concentrations in commonly used areas, such as car parks, as 
well as the determination of their main sources. 
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POLYCYCLIC AROMATIC HYDROCARBONS (PAHS) 
Definition  
Polycyclic aromatic hydrocarbons (PAHs) are a large group of organic compounds with two or more 
fused aromatic rings that are widespread environmental contaminants, which are very stable and 
persistent. Polycyclic aromatic hydrocarbons (PAHs), also referred to as polynuclear aromatic 
hydrocarbons or  polyarenes, constitute a large class of organic compounds[1]. They are forms of 
hydrocarbons which have a small hydrogen-to-carbon percentage, typical of alkene, alkyne and ringed 
structures. Typically they consist of two or more fused aromatic rings of carbon and hydrogen atoms 
[52]. Polycyclic aromatic hydrocarbons are produced by the incomplete combustion or pyrolysis of 
organic matter and fossil fuel [53]. Motor vehicles and industrial activities are common sources of 
PAHs due to incomplete combustion of organic matter. Other man-made PAHs form as a 
consequence of incomplete combustion, which includes the burning of coal, fat, gas and other organic 
materials [54]. Natural PAHs commonly appear as white or pale yellow–green solids, with the 
greatest source being from forest fires [55].   
 
Structures of PAHs 
Polycyclic aromatic hydrocarbons (PAHs) belong to a class of organic contaminants of great 
environmental concern. This class of compounds has received considerable attention in recent years 
due to the carcinogenic nature of many of these compounds, especially those that contain nitro 
(NPAHs) or oxygen groups (OPAHs) [52]. Most studies indicate that PAHs are generally created 
during pyrolysis or combustion when limited concentrations of oxygen (O2) are present [56]. There 
are two kinds of PAHs; (1) compounds of low molecular weight consisting of 2-3 ring aromatics 
(naphthalenes, fluorenes, phenanthrenes and anthracenes) and (2) those of  high  molecular weight 
consisting of 4-7 ring aromatics (chrysene and coronene). Table 4 shows the structures of 16 PAHs 
that are considered to be of most concern according to the Environmental Protection Agency [57]. 
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Table 4: PAHs on the EPA PAH priority list due to environmental impacts [57], used with 
permission of Elsevier 
   
 
naphthalene (NAP) acenaphthylene (ACY) acenaphthene (ACE) fluorene (FLU) 
 
 
  
phenanthrene (PHE) anthracene (ANT) fluoranthene (FLT) pyrene (PYR) 
    
benz(a)anthracene (BAA) chrysene (CHR) 
benzo(b)fluoranthene 
(BBF) 
benzo(k)fluoranthene 
(BkF) 
    
benzo(a)pyrene (BAP) 
dibenz(a,h)anthracene 
(DahA) 
indeno(l,2,3-cd)pyrene 
(IND) 
benzo(g,h,i)perylene 
(BGP) 
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Haritash and Kaushik [53] reported that PAH compounds are formed during the thermal 
decomposition of organic substances and their subsequent recombination. Partial combustion at high 
temperatures (500–800°C) or the subjection of organic compounds to low temperatures (100–300°C) 
for long periods of time can produce PAHs [53]. During high temperature processes, the combustion 
of fuels in engines, emit higher molecular weight PAH compounds , whereas during low temperature 
processes (e.g. wood burning), low molecular weight PAHs are usually formed [58]. Moreover, 
Haritash and Kaushik [53] has shown that they occur as colourless, white/pale yellow solids with low 
solubilities in water, high melting and boiling points and low vapour pressure. Even though PAHs 
have a low solubility in water, they are lipophilic (soluble in fat, oil, lipids and non-polar solvents)  
[53]. 
 
PAHs may be synthesised from saturated hydrocarbons using oxygen-deficient conditions [57]. 
Ravindra et al., [57] reported that pyrosynthesis in addition to pyrolysis usually are the main sources 
of PAHs, with smaller molecular weight PAHs forming from pyrosynthesis. When the temperature 
exceeds 500°C, carbon–hydrogen and carbon–carbon bonds usually break and create free radicals. 
These kinds of radicals combine to form acetylene (C2H2), which often condenses to an aromatic ring 
structure [57]. Figure 1 shows the creation of aromatic rings from an ethane starting material. The 
tendency of hydrocarbons to form PAHs from pyrosynthesis varies in the order: parafins < olefins < 
cycloolefins <  aromatics [57].  
 
 
Figure 1: Mechanism for the generation of benzene from ethane using pyrosynthesis [57], 
used with permission of Elsevier 
 
Ravindra et al., [57] recommended three achievable methods to produce PAHs; (1) sluggish Diels–
Alder condensations, (2) quick radical reactions and (3) the ionic reaction process. The radical 
formation process favours the combustion process in the internal combustion engine [57]. Gaseous 
hydrocarbon radicals have been found to rearrange quickly, providing an efficient mechanism for the 
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formation and growth of PAHs. The addition of hydrocarbon radicals to lower molecular weight 
PAHs then leads to alkyl PAHs and finally the development of larger PAHs [59].  
Lima et al., [60] assessed a number of variables (amount of oxygen, type of fuel, and temperature) on 
the effect of PAH production and the environmental fate of combustion-derived PAHs. For example, 
the molecular distribution of PAHs has been related to the temperature at which PAHs form [60]; 
cigarettes and forest fires are considered low temperature formation mechanisms that generate PAH 
mixtures enriched in alkyl-substituted PAHs, whereas higher temperatures favour the production of 
compounds that have a larger number of alkyl carbons [60]. Similarly, Mastral et al., [61] reported 
that the quantity of PAHs produced by the combustion of automobile tires in a fluidised bed was a 
direct function of the temperature achieved. For a fixed 20% excess oxygen and 860 L/h−1 air flow the 
amount of total PAHs varied from 4,500 µg/kg−1 (at 650°C) to 32,000 µg/kg−1 (at 850°C) [61]. 
 
Atal et al., [62] studied the formation and survivability of PAHs using pulverised fossil fuel and 
exhaust crumb. A large amount of PAHs were detected inside the effluent during the combustion of 
both fuels under completely fuel-rich conditions, especially under pyrolytic conditions with nitrogen 
[62]. These kind of PAHs were largely caused by pyrosynthesis based on the observation that 
deuterated PAHs adsorbed within the fuels and survived this combustion method [62], while a small 
number of PAHs survived under high-temperature pyrolytic conditions. These kinds of findings 
suggest that pyrosynthesis is the primary contributing mechanism to PAH emissions from the 
combustion of pulverised coal and exhaust emissions.  
 
Marinov et al., [63] provided a road map of how n-butane leads to the formation of aromatic 
compounds and PAHs under combustion conditions. Most of these reactions depend on reactions 
involving the combination of resonantly stabilised radicals, PAH isomerisation, ring destruction by O2 
and benzyl radical addition to acetylene [63]. The importance of these reactions are summarised by 
the flow diagrams provided in Figure 2 and Figure 3, and illustrate the formation of a range of PAHs 
by the combustion of n-butane. The first step shows the creation of the aromatic ring (steps 1(b) and 
also 1(e)) by using resonantly stable propargyl and also allyl radicals, which are then activating the 
ring by removing a H-atom (step 1(c)) to form the phenyl radical or phenyl structure directly from 
propargyl recombination (step 1(a)). The phenyl can then be oxidised by O2 to form a phenoxy radical 
followed by unimolecular decomposition (fragmentation of a gas phase ion) to cyclopentadienyl and 
CO (step 2 and 3). The resonantly stabilised cyclopentadienyl radical then self-combines to make 
naphthalene (step 4).  
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The naphthyl (C10H7) radical can be synthesised by hydrogen abstraction (step 5) that is subsequently 
oxidised by O2 (step 6) to form the naphthoxy radical (Figure 3). The radical then undergoes 
unimolecular decomposition to indenyl under CO conditions (step 7). The resonantly stabilised 
indenyl species can combine with cyclopentadienyl to form phenanthrene, a three-fused aromatic ring 
structure (step 8). The most important steps involved in the PAH formation process is the oxidation of 
phenyl (C6H5) and naphthyl (C10H7) (step 2, Figure 2 and step 6, Figure 3) [63].  
 
 
 
Figure 2: Formation of napthhalene from benzene [63] , used with permission of Elsevier 
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Figure 3: Formation of PAHs from naphthalene [63], used with permission of Elsevier 
 
Sources of PAHs  
Polycyclic aromatic hydrocarbons (PAHs) are one of the most ubiquitous classes of anthropogenic 
organic pollutants found in urban environments, such as urban surface dust, sediment, soil, 
atmosphere and precipitation [64].  A major issue of PAHs is the fact that they can be found in all 
areas of the environment (air, soil and water) [65].  PAHs enter the aquatic environment via industrial 
discharge, oil spills, combustion of fossil fuels, and various non-point source inputs such as urban 
runoff, agriculture and atmospheric deposition[66]. Exposure to humans is primarily via direct contact 
or inhalation, however contaminated food such as flour, meats and vegetables is also a possible way 
[67].  
 
Normally, there are five significant sources of PAHs, (1) agricultural, (2) domestic, (3) vehicular, (4) 
commercial and (5) natural [68]. PAHs are usually generated by the incomplete combustion of fossil 
fuel when burned in oxygen-deficient circumstances, for example in vehicular emissions [69]. Motor 
vehicle emission, domestic combustion and industrial activity  are the main sources of PAHs in the 
urban atmosphere[70]. 
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Natural sources of PAHs include forest fires, volcanic eruptions, oil seeps and exudates from trees 
[53]. Other sources include organic matter in sediments and in the production of  medicines, dyes, 
plastics and pesticides [53]. Zhang and Tao [71] showed, also, that the major anthropogenic 
atmospheric emission sources of PAHs include coal , biomass burning and petroleum combustion, and 
coke and metal production. 
 
Motor vehicles are a major source of PAH emissions in urban environments [72], which is of concern 
due to the rapidly increasing number of automobiles used in highly populated cities. Binet et al., [73] 
reported that vehicular emissions are not the only source of PAHs from automobiles; other sources 
include lubricants, tire wear debris and asphalt particles. PAH formed from vehicle sources originate 
by three distinct mechanisms: (1) synthesis from simpler substances in fuel, particularly from 
aromatic compounds, (2) pyrolysis of lubricant and (3) storage in engine deposits [72]. The emission 
rates of PAHs via car exhausts are usually dependent upon a number of factors such as; engine type 
and age, operating conditions and chemical compositions of gasoline and lubricant sources [74]. 
There are a large variety of PAHs, however there are 16 PAHs on the fuel combustion inventory 
(PKU_FUEL-2007), which are of particular concern and monitored by the EPA.  
 
A study by Shen et al., [75] showed the sources of PAHs in 8 different countries (Figure 4). They 
reported that the relative contributions of various sources to the total PAH emissions for the world and 
for several countries in 2007 depended on population and the geographical area for each country [75]. 
In many developing countries, for example India, China, and Indonesia, indoor biomass burning was 
the most important PAH emission source, contributing to over 50% of the total PAH emissions [75]. 
The burning of firewood was the major source of PAHs in the United States (57.7%), India (56.1%), 
Indonesia (52.9%), China (30.3%) and Global (44.7%). Deforestation also played a major role in PAH 
emissions in Angola (77.5%), Brazil (60.1%), and Russia (21.7%). Motor vehicle exhaust was also an 
important source of PAH emissions, especially in Russia (32.9%), the United States (17.6%), Brazil 
(15%) and Indonesia (14.9%).   
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Figure 4 : Source profiles of PAH emissions in different countries [75] , used with permission of American Chemical Society 
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Risks associated with polycyclic aromatic hydrocarbons (PAHs) 
Polycyclic aromatic hydrocarbons (PAHs) are usually one of the most significant classes of organic 
contaminants due to their potential toxicity and persistence in the environment. Polycyclic aromatic 
hydrocarbons (PAHs) are a crucial group of organic materials which are known carcinogens and 
mutagens [76].  
 
Previous research has focused on their environmental occurrence as well as the probable side effects 
upon biota [69]. They have been of great interest to toxicologists, environmental chemists,  and 
regulatory agencies  for almost three decades [66]. Because of their significance, especially related to 
their carcinogenic and mutagenic potential, 16 PAHs were listed by the U.S. Environmental 
Protection Agency (US EPA) and considered as a priority for environmental monitoring [66].  
 
These compounds are naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE), 
phenanthrene (PHE), anthracene (ANT), fluorene (FLU), fluoranthene (FLT), benzo[a]anthracene 
(BAA), chrysene (CHR), benzo[b]fluoranthene (BBF), benzo[k]fluoranthene (BkF), pyrene (PYR), 
benzo[a]pyrene (BAP), indeno[1,2,3- cd]pyrene (IND), dibenz[ah]anthracene (DBA), and benzo 
[ghi]perylene (BGP)[66].  
 
Slezakova et al [77] indicated that these chemical substances may pose risks to human health as many 
of the individual PAHs are cytotoxic and mutagenic to organisms and some of them are being 
considered as carcinogenic. The particular effect on human health mostly occurs via exposure to PAH 
concentrations in ambient air; therefore, European Union (EU) considers PAHs among the most 
relevant pollutants, the atmospheric levels of which need to be controlled in order to protect public 
health [77]. Table 5 shows the concentration levels of a number of  PAHs in street dusts in a number 
of  cities [78].  
 
The U.S. Environmental Protection Agenc (EPA) added 16 PAHs to the list of "priority pollutants" of 
the U.S. Clean Water Act [79]. In soils, PAHs evaporate off of the soils surface into the air, however 
they can also contaminate groundwater if washed into a water body [55]. Morawska  et al., [80] 
provided evidence that combustion processes produce significant quantities of particles and gaseous 
products, which cause numerous health and environmental risks. 
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Table 5: Mean concentration of PAHs in street dusts cities (mg.kg-1) [78] , used with permission of Elsevier 
PAHs 
 
Tehran 
(Iran) 
 
Kumasi 
(Ghana) 
Amman 
(Jordan) 
Beijing 
(China) 
Zhanjiang 
(China) 
Huizhou 
(China) 
Shanghai 
(China) 
Seoul 
(South Korea) 
Background soil 
Concentration of 
PAHs in urban 
soils in USA 
Naphthalene 0.002 41.7 1.2 0.094 0.006 0.005 0.028 ND  
Acenaphthylene 0.048 99.3 ND 0.007 0.004 0.0005 ND ND  
Acenaphthene 0.041 111.2 - 0.009 0.002 0.017 0.010 ND  
Fluorene 0.008 8.9 0.17 0.039 0.019 0.002 0.019 ND  
Phenanthrene 0.07 12.9 4.75 0.109 0.050 0.018 0.13 0.004  
Anthracene 0.006 5.4 - 0.017 0.026 0.001 0.028 0.0004  
Fluoranthene 0.013 16.2 1.98 0.155 0.064 0.018 0.259 0.005 0.2–166 
Pyrene 0.020 15 2.05 0.098 0.044 0.011 0.22 0.004 0.145–147 
Benzo[a]anthracene 0.010 13.8 1.54 0.042 0.056 0.011 0.124 0.001 0.169–59 
Chrysene 0.020 33.6 4.31 0.105 0.029 0.006 0.127 0.003 0.251–0.64 
Benzo[b]fluoranthene 0.004 ND 1.55 0.05 0.115 0.021 0.177 0.005 15–62 
Benzo[k]fluoranthene 0.005 45.7 0.21 0.030 0.003 0.002 0.072 0.002 0.3–26 
Benzo[a]pyrene 0.006 27.9 0.15 0.094 0.055 0.005 0.181 0.002 0.165–0.22 
Dibenzo[a,h]anthracene 0.015 ND 0.35 0.005 0.050 0.001 0.059 0.0003  
Benzo[g,h,i]perylene 0.030 47 1.74 0.031 0.069 0.007 0.144 0.003 0.9–47 
Indeno[1,2,3-c,d] pyrene 0.027 ND 0.10 0.002 0.050 0.007 0.118 0.002 8–61 
ND:notdetect 
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A study by Chetwittayachan et al., [81] indicated that monitoring the concentration level of PAHs in 
urban areas has become more important, as the concentration of PAHs are increasing with vehicular 
traffic in urban areas.  Morawska et al., [82] reported that small particles cause  more  impacts on 
health and the environment than larger particles. Elevated levels of particle air pollution has been 
associated with decreased lung function, increased respiratory symptoms such as coughs, asthma 
attacks, shortness of breath and wheezing, as well as  lung cancer, cardiovascular diseases and chronic 
obstructive pulmonary disease [82]. Atmospheric PAHs might result in respiratory problems; impair 
pulmonary function in addition to lead to bronchitis[58]. 
 
The association of PAHs on these fine particulates is of particular concern due to the ease of 
inhalation. PAHs associated with dust is typically in the form of carbonaceous spherical sub 
micrometre agglomerates (0.01 to 0.08µm) consisting of a carbon core with a variety of linked 
organic compounds [83].  
 
High molecular weight PAHs that are predominantly associated with particulate phase are considered 
to pose significant risks to human health especially benzo[a]pyrene which is regarded as one of the 
most toxic PAHs [67]. Current EU legislation for ambient air (Directive 2004/107/EC; entered into 
the force by 31 December 2012) uses benzo[a]pyrene as indicator for carcinogenic PAHs (expressed 
as an annual target of 1 ng m−3 for benzo[a]pyrene in PM10) [68].  Benzo[a]pyrene (BAP) has the 
highest carcinogenic potency[84]. Nevertheless, some studies reported that  there are other more 
harmful PAHs  such as di benzo[a,l]pyrene or dibenz[a]anthracene, that are estimated to have a 
carcinogenic potency of approximately 100 and five times higher, respectively, than 
benzo[a]pyrene[85-87].  
 
Some PAHs have been demonstrated to be carcinogenic in humans and experimental animals, and 
they are classified as carcinogenic materials by many organizations, including the Department of 
Health and Human Services (DHHS), the International Agency for Research on Cancer (IARC),  the 
United States Agency for Toxic Substances and Disease Registry (ATSDR), the National Occupation 
Safety and Health Administration (OSHA), and the US-EPA[84]. Table 6 shows the carcinogen 
classification of 17 priority PAHs by the IARC, compared to classifications by the DHHS and the US-
EPA. 
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Previous research has shown that motor vehicle emissions constitute the majority of ultrafine particle 
air pollution in urban areas [88]. Particles emitted from diesel engines are in the size range 0.02 to 
0.13µm and from petrol engines in the range 0.02 to 0.06µm [82]. Therefore, emissions from petrol 
engines are of particular concern as they fall within the carbonaceous sub micrometre particulate 
range.  
 
A study by Stanier et al., [89] demonstrated that the size distribution of atmospheric particulates and 
their composition are important aspects of managing and understanding their effects on climate and 
health. This study showed that size distributions from 0.003µm to 0.560µm had on average a number 
concentration of 22,000cm-3 with an average size of 0.04µm. In addition, 25% of particles are smaller 
than 0.01µm, while 75% of particles are smaller than 0.050µm [89]. Woo et al., [90] also noted that 
26% of particles are less than 0.01µm, while 89% are smaller than 0.10µm. Shi et al., [91] 
demonstrated that 36 to 44% of particles were smaller than 0.01µm at a city roadside location, while 
37% of particles fell within the size range 0.003 to 0.007µm. In Australia, Mejia et al., [92] found that 
ultrafine particles contributed to 82 to 90% of the total number of particles.  
 
Considering the increasing evidence of the ubiquitous presence of PAHs and their associated health 
risks, it is important that studies investigating our exposure to them are undertaken. This investigation 
has focused on determining the concentration levels of PAHs in high usage areas, such as car parks, as 
well as identifying their sources.  
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Table 6: 17 priority PAHs were classified by the IARC , DHHS and the US-EPA[84] , used 
with permission of InTech's Publishing 
PAHs  EPA IARC DHHS 
Acenaphthene    
Acenaphthylene Not classifiable   
Anthanthrene Not classifiable Not classifiable  
Benz(a)anthracene Probably Carcinogen Probably Carcinogen Animal Carcinogen 
Benzo(a)pyrene  
 
Probably Carcinogen Probably Carcinogen Animal Carcinogen 
Benzo(b)fluoranthene Probably Carcinogen Probably Carcinogen Animal Carcinogen 
Benzo(e)pyrene  Not classifiable  
Benzo(ghi)perylene  Not classifiable Not classifiable  
Benzo(j)fluoranthene  
 
Not included Possibly Carcinogen Animal Carcinogen 
Benzo(k)fluoranthene  Probably Carcinogen Possibly Carcinogen  
Chrysene  Probably Carcinogen Not classifiable  
Dibenz(ah)anthracene  Probably Carcinogen  Animal Carcinogen 
Fluoranthene  Not classifiable Not classifiable  
Fluorene  Not classifiable Not classifiable  
Ideno(1,2,3-cd)pyrene  Probably Carcinogen Possibly Carcinogen Animal Carcinogen 
Phenanthrene  Not classifiable   
Pyrene Not classifiable Not classifiable  
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Thesis Aims  
Due to the number of people using car parks in city centres, it was deemed important to get an 
understanding of the level of pollution in different car park designs. This study focuses on analysing 
PAHs and heavy metals in dust samples from three car parks on Queensland University of 
Technology campuses in Brisbane city; these sites were chosen based on their structural design: open, 
semi-enclosed and fully-enclosed. This thesis has used multivariate analysis to identify potential 
groups and sources of pollutants using principle component analysis (PCA) and hierarchical cluster 
analysis (HCA).  
 
With increasing usage of car parks in high density cities, it is becoming increasingly important to 
monitor and understand the pollution risks in car parks. Therefore, this study focused on monitoring 
the levels of PAHs and heavy metals on a weekly basis from October 2014 to February 2015, and then 
related the results to the location and the structural design of the car parks.  
The main aims of this thesis include:  
• Assess the levels of PAHs and heavy metals in three car parks located on QUT 
campuses in Brisbane city, Australia 
• Compare the level of pollutants in three car parks based on the structural design of the 
car park 
• Identify groups of pollutants that are prominent in each of the car parks and 
determine potential sources  
This research consists of six chapters:  
Chapter 1: presents the introduction to the research project and aims. 
Chapter 2: presents the literature review undertaken which was used to formulate the research 
                  project and used for the discussion of findings. 
Chapter 3: describes the sampling and test methods, and the quality control and quality                                   
assurance procedures adopted for both heavy metal and PAH analysis. 
Chapter 4: presents the analytical outcomes of elemental composition of car park dusts 
Chapter 5: presents the analytical outcomes of polycyclic aromatic hydrocarbon of car  
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                  park dusts 
Chapter 6: summarises the outcomes of the research study and provides recommendations for    
                 further  research. 
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CHAPTER 2: SAMPLING AND TEST METHODS  
 
BACKGROUND 
Vehicle emissions typically contain an array of critical pollutants such as PAHs and heavy metals, a 
portion of which will accumulate in the atmosphere and lead to an increased level of pollution. This 
chapter presents the formulation of the research methodology as well as the program of research 
employed to support this comprehensive research study. This chapter further discusses how the 
collection of dust samples were undertaken from carparks at inner city campuses of Queensland 
University of Technology (QUT) and chemical analysis methods used to determine the level of 
pollution in samples collected. The methodology consisted of the integration of a series of activities to 
achieve the research aims and objectives and included the following four stages:  
1. Establishing suitable sampling sites 
2. Pre-treatment of dust samples 
3. Extraction and analysis for elemental composition       
4. Polycyclic aromatic hydrocarbon (PAH) extraction and analysis                                   
 
SAMPLING SITES  
Study area  
Brisbane is the capital city of Queensland and the third most populous city in Australia, with a 
metropolitan population of 2.24 million [93]. QUT has two inner city campuses; 1) Gardens Point and 
2) Kelvin Grove. Gardens Point campus is situated in Brisbane's city centre, alongside Parliament 
House, the City Botanic Gardens and the Brisbane River [94]. Kelvin Grove campus is located about 
3km north-northwest of Brisbane's city centre [94]. The majority of carparks located on QUT 
campuses operate 24 hours each day, 7 days a week [94]. The sampling sites chosen for this 
investigation consisted of carparks at Gardens Point and Kelvin Grove based on the type of parking 
structures [94]. The three parking structures chosen were as follows; 1) fully open Sports Lane 
carpark at Kelvin Grove, 2) semi-open Under Freeway carpark at Gardens Point, and 3) fully enclosed 
basement level carpark of P block (Science and Engineering Precinct) at Gardens Point (Figure 5 and 
Figure 6). Photos of the parking structures are provide in Appendix 1. 
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Figure 5:  Map of QUTs Garden Point showing sampling areas 
 
 
 
 
  28 
 
Figure 6: Map of QUTs Kelvin Grove campus showing sampling area 
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PRE-TREATMENT OF DUST SAMPLES 
Sample collection   
A total of 105 dust samples were collected in this investigation between October 2014 and March 
2015. Sample collection involved taking dust samples from 20 individual car park bays at each 
parking area to form a composite sample to represent a particular type of carpark structure. The 
location of the 20 carpark bays that were sampled each week to form the composite samples is shown 
in Appendix 2. Samples were collected using a vacuum cleaner (Model: Volta Sprite Series II, 1400 
watt) that had been previously cleaned using MilliQ water and air dried to avoid cross-contamination. 
Vacuum cleaner have dust bin capacity (dry: 500ml and  wet 150 ml ). Sampling using the vacuum 
typically took about 15 to 20 minutes. All samples were transferred to air-tight laboratory 
polyethylene sample containers within 1 hour of sampling and stored in a fridge at 4°C.  
 
Size analysis of the composite dust sample was carried out using an Octagon mechanical shaker and a 
set of stainless steel sieves with mesh sizes of 212, 106 and 63μm. Prior to sieving, all sieves and the 
collection pan at the bottom were weighed on an analytical balance (Model GR-200). After sieving 
for 30 minutes, each individual sieve was reweighed to calculate the amount of dust in each size 
fraction. Each fraction was labelled and stored in polyethylene sample containers that were stored in a 
fridge at 4°C. To prevent contamination of samples, the sieves were cleaned before as well as after 
using by washing them with Milli Q water, Acetone and dried by compressing air. 
 
ELEMENTAL COMPOSITION ANALYSIS  
Extraction procedure   
Microwave-assisted acid digestion was used for the extraction of metals in the different dust size 
fractions, which were then analysed by inductively coupled plasma / mass spectrometry (ICP-MS) 
and optical emission spectrometry (ICP-OES) to quantify the concentration of elements in the sample. 
The microwave acid digestion extraction method was determined to be the optimal method for 
elemental analysis based on previous studies involving sediment, soils and urban particulates which 
used a variety of acids (such as nitric (HNO3), hydrochloric (HCl), sulphuric (H2SO4), perchloric 
(HCLO4) and hydrofluoric (HF)) [95]. The extraction method used in this study is based on the work 
by Brady [96], which involved the addition of 3 drops of nitric acid (2%) to each sample in a Teflon 
digestion vessel containing 0.05g of dust sample (accurately weighed by using special room for 
weight and also sensitive balance with 4 and 5 decimal place). Following this, 3mL of double distilled 
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concentrated nitric acid (70%) was added to each Teflon digestion vessel, followed by the addition of 
1mL of double distilled concentrated hydrochloric acid. The samples were then digested using the 
program summarised in Table 7. 
 
Table 7: Microwave digestion operating parameters for the analysis of heavy metals and cleaning 
vials 
Step Time (m) T1(°C) T2(°C) P bar Power 
1 00:20:00 260°C 70°C 120 1500w 
2 00:40:00 260°C 70°C 120 1500w 
 
Immediately after the digestion, the vessels were removed from the microwave and placed in a fume 
hood. The samples were then diluted to 50mL with ultra-pure water in a 50mL plastic vial with a 
polyethylene cap, and reweighed to establish the sample dilution factor. The diluted samples were 
centrifuged at 3500rpm for 10 minutes before a subsample of 2ml was taken and placed in a 10ml 
plastic vial along with 0.5mL of internal standards. Samples were then analysed for the following 
elements: sodium (Na), magnesium (Mg), aluminium (Al), calcium (Ca), chromium (Cr), manganese 
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), cadmium (Cd), zinc (Zn), barium (Ba) and lead 
(Pb). 
 
Quality assurance / quality control (QA/AC):  
To prevent contamination during the extraction process, samples were digested in a clean room, with 
all other sample preparation completed in a fume hood. Analytical reagent grade acids: HNO3 (70%) 
and HCl (32%) were distilled twice using an Analab Sub-boiling Distillation System at 75°C. Ultra-
pure water with a resistivity of 18.2 MΏ was obtained from a MilliQ water purification system 
(Millipore, Billerica, MA, USA). Teflon digestion vessels (PTFE) were cleaned before use with 
MilliQ water, hydrochloric acid (32%) and nitric acid (70%), and then rinsed with ultra-pure water 
three times prior to the extraction procedure. The vials used for samples underwent the following two 
step cleaning procedure; 
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Step 1: 
• Rinse all PTFE vials with MilliQ water three times 
• Add 1.5ml of MilliQ water 
• Add 1.5ml of distilled HCl  
• Add 3ml of double distilled HNO3  
• Digest cleaning solution in the microwave with parameters described in Table 7 
• Rinse all vials with MilliQ water three times 
 
Step 2: 
• Rinse all PTFE vials with MilliQ water three times 
• Add 3ml of MilliQ water 
• Add 3ml of double distilled HNO3 
• Digest cleaning solution in the microwave with parameters described in Table 7, except step 2 
goes for 20 minutes instead of 40 minutes 
• Rinsed all vials with MilliQ water three times and placed in a fume hood to dry 
 
The centrifuge tubes and caps (10ml polycarbonate and 50ml polypropylene) were cleaned with 
hydrochloric acid (32%), nitric acid (70%) and MilliQ water. Tubes and caps were soaked in each 
cleaning solution for 24 hours and heated to 90 °C on a hot plate. After cleaning, each tube was dried 
to prevent contamination. 
 
One set of calibration standards (ICP Quality Control Standard #3 Plasma Emission Standard) were 
prepared from AccuStandard (100µg.kg-1). The calibration standard was diluted with nitric acid (2%) 
to produce five different concentrations (0.5, 5, 50, 500 and 5000 ppb) containing the following 
elements: Na, Mg, Al, Ca, Cr, Mn, Fe, Co, Ni, Cu, Cd, Zn, Ba and Pb. The five calibration standards 
were used to obtain an accurate calibration curve (R2 > 0.98). The samples and standards were spiked 
with a 5 ppb (Be, Rh, In and Bi) internal standard before measurement. The National Research 
Council (NRC) Stream Sediment Reference Material STSD-1 was used as a control sample to verify 
the accuracy of analysis (Table 8). 
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Table 8 : Percent recovery of the elements  by using Stream Sediment Reference Material STSD-1 
 
Element Certified Average RSD % Recovery 
Na 13353.56 1131 4.25 8.47 
Mg 13266.926 10268 3.19 77.40 
Al 47633.51 20064 3.25 42.12 
Ca 25729.05 19608 3.41 76.21 
Cr* 67 52.80 3.08 78.81 
Mn 3740 3866 3.07 103.38 
Fe 454623 42816 2.95 94.18 
Co 14 16.13 3.49 115.22 
Ni 18 19.02 14.26 105.67 
Cu 36 32.77 11.31 91.02 
Zn 165 172.1 2.77 104.29 
Cd 0.8 0.98 4.10 121.90 
Ba 630 342.7 3.44 54.39 
Pb 34 35.80 4.57 105.30 
 
Chemical analysis using ICP-MS 
The detection limits of ICP-MS instruments are generally low enough for the exact determination of 
trace and rare earth elements in environment samples (Table 9) [97]. All samples were analysed using 
an Agilent Triple Quadrupole ICP-MS. 
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Table 9 : Limits of detection and quantification of elements analysed by ICP-MS 
Elements Limit of detection (LOD) 
(mg.kg-1) 
Limit of  quantification (LOQ) 
(mg.kg-1) 
Sodium 6.40 7.89 
Magnesium 0.30 0.57 
Aluminium 0.50 1.18 
Calcium 29.01 43.21 
Chromium 0.20 0.22 
Manganese 0.073 0.104 
Iron 0.67 1.36 
Cobalt 0.01 0.01 
Nickel 2.75 3.18 
Copper 0.06 0.15 
Zink 2.16 6.27 
Cadmium 0.0007 0.0015 
Barium 0.15 0.45 
Lead 0.01 0.02 
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POLYCYCLIC AROMATIC HYDROCARBON (PAHS) COMPOSITION ANALYSIS 
Extraction and sample clean up procedure     
Accelerated solvent extraction (ASE) was used for the quantitative extraction of polycyclic aromatic 
hydrocarbons (PAHs). The extraction was performed using a Dionex ASE300 using a method similar 
to Jonsson et al., [98] which is equipped with 33mL stainless steel extraction cells. The ASE program 
set-up used in the extraction of solids is outlined in Table 10 and the extraction cells were packed as 
shown in Figure 7. 
 
Table 10: ASE operational parameters for PAH extraction in dust samples 
Temperature 140°C 
Heat time 6 minutes 
Static time 7 minutes 
Cycles 4 
Rinse volume 100% 
Purge 60s 
Solvent A Dichloromethane (DCM) 
Solvent B n- hexane 
Cell type Stainless steel 
Pressure 1500psi 
 
 
 
Figure 7: Schematic representation of the ASE cell 
 
  35 
The extraction process involved 1g of dust sample of a particular size fraction being mixed with 
approximately 2g of anhydrous sodium sulphate (Na2SO4) in order to remove traces of water.  A 
dichloromethane: n-hexane (1:1, v: v) mixture was used for the extraction of dust samples, which 
involved allowing the extraction mixture to react for 30 minutes. Dust samples were spiked with the 
recovery standard solution (1 ppm, anthracene d-10) to monitor the recovery rate of the procedure. As 
part of method development, a blank sample consisting of beach sand was spiked with anthracene-
D10 and analysed. The extracts were collected in a 100mL pre-cleaned glass vial and further 
concentrated to 5mL using a rotary evaporator (RVC 2-33IR) under vacuum conditions. 
 
The 5mL concentrated extract was then collected in a glass vial (10mL) and further concentrated to 
2mL using a stream of nitrogen gas. The final concentrate was transferred to a micro vial and made up 
to 2mL and spiked with 10µL of semi-volatile internal standard mix (1 ppm) consisting of a mixture 
of PAH’s for quantification purposes. This mixture contained the following compounds at 1ppm in 
dichloromethane (DCM): acenaphthene-D10, chrysene-D12, naphthalene-D8, perylene-D12 and 
phenanthrene-D10. The prepared micro vials were stored in a freezer until analysis.  
 
Quality assurance (QA)/quality control (QC)  
As part of the quality assurance procedure, analytical reagent grade organic solvents were used for all 
the extracts. All glassware and cells were washed and rinsed with deionised water and acetone, then 
dried for at least 1 hour in an oven set to 100°C before and after use to prevent contamination. The 
following standards were used for quality control and quality assurance: 
• Calibration standard by Supelco Analytical was purchased from Sigma Aldrich which 
contained the following 16 PAHs with a concentration of 2000µg/mL in dichloromethane: 
naphthalene, acenaphthylene, 2-bromonapthalene, acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene, 
benzo(a)pyrene, indeno(1.2.3.cd)pyrene, dibenzo(a.h)anthracene and benzo(g.h.i)perylene. 
• Semi-volatile internal standard mix by Supelco Analytical was purchased from Sigma Aldrich 
and contained the following PAHs with a concentration of 2000µg/mL in dichloromethane: 
naphthalene-D8, phenanthrene-D10, acenaphthene-D10, chrysene-d12 and perylene-D12. 
• Surrogate standard (anthracene-D10) with a concentration of 2000μg/mL in dichloromethane 
was purchased from Sigma Aldrich.  
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Chemical analysis (PAHs analysis) by gas chromatography-mass spectrometry (GC-MS)  
Prior to chromatographic analysis, 1ug/mL of semi-volatile internal standard was added to all extracts 
for quantification purposes (Table 11). 
 
Table 11: Limits of detection and quantification of PAHs analysed by GC-MS 
PAH Abbreviation Limit of detection (µg.kg-1) Limit of quantification(µg.kg-1) 
Naphthalene NAP 15.48 51.60 
Acenaphthylene ACY 11.71 39.04 
2-bromonapthalene BNAP 6.68 22.27 
Acenaphthene ACE 9.98 33.27 
Fluorene FLU 10.07 33.58 
Phenanthrene PHE 9.95 33.17 
Anthracene ANT 11.50 38.33 
Fluoranthene FLT 10.48 34.93 
Pyrene PYR 12.69 42.30 
Benz(a)anthracene BAA 12.12 40.40 
Chrysene CHR 16.23 54.10 
Benzo(b)fluoranthene BBF 12.38 41.28 
Benzo(a)pyrene BAP 13.14 43.80 
Indeno(1.2.3.cd)pyrene IND 498.69 1662.31 
Dibenzo(a.h)anthracene DBA 7.00 23.33 
Benzo(g.h.i)perylene BGP 12.43 41.43 
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PAH analysis was performed on a Shimadzu GCMS TQ8040; fitted with a Rxi-5MS column (length 
30mm, diameter 0.25mm and thickness 0.25µm). Helium with a purity of 99.99% was used as the 
carrier gas at a constant flow of 1.40 mL/min. The GC operating parameters are outlined in Table 12. 
 
Table 12: GC-MS operation conditions for quantitative PAH analysis 
Inlet Temperature 340°C 
Oven Temperature Initial temp of 50°C for 1min 
Increased to 260 °C at a rate of 20°C/min; 
Raised to 280°C at a rate of 5 °C/min 
Temp kept at 340 °C for 22.83 min. 
MS quadrupole Temperature 220°C 
Helium Gas Flow 1.40 mL/minute 
Purge Time 3 minute 
Total Flow  50 mL/minute 
Solvent Delay  2.5 minute 
 
The MS ion source and interface were held at 220 and 330°C, respectively, in order to improve the 
responses and peak shapes, especially for the late eluting PAHs with a molecular weight greater than 
two aromatic rings (166.22g /mol). The MS was operated in the multiple reaction monitoring (MRM) 
mode. Identification was based on the GC retention times relative to those of corresponding internal 
standards and the relative abundance of the ions monitored. Surrogate and PAH standards were also 
used during the optimisation of GC-MS parameters to develop the multilevel calibration curve with 
five concentration levels (0.01, 0.05, 0.1, 0.5, 5 μg.ml-1) and a correlation coefficient (R2) of 0.999. 
The peak area for each designated quantification m/z ratio in Table 13 was integrated using Lab 
Solutions software, which controls both the GC and MS. 
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Table 13: GC-MS conditions for PAH under selected ion monitoring (SIM) mode 
Compound name Abbreviation Ret-time Quantification 
ions 
Confirmation 
ions 
Naphthalene-D8 NAP-d8 6.439 136.00>108.00 136.00>84.00 
Naphthalene NAP 6.461 128.00>102.00 128.00>78.00 
Acenaphthylene ACY 8.393 152.00>151.00 152.00>126.00 
2-bromonapthalene BNAP 8.553 206.00>127.00 206.00>77.00 
Acenaphthene-d10 ACE-d10 8.580 164.00>162.00 164.00>160.00 
Acenaphthene ACE 8.619 153.00>152.00 153.00>127.00 
Fluorene FLU 9.239 166.00>165.00 166.00>164.00 
Phenanthrene-d10 PHE-d10 10.394 188.00>160.00 188.00>184.00 
Phenanthrene PHE 10.419 178.00>152.00 178.00>176.00 
Anthracene-d10 ANT-d10 10.453 188.00>160.00 188.00>184.00 
Anthracene ANT 10.476 178.00>152.00 178.00>176.00 
Fluoranthene FLT 11.909 202.00>201.00 202.00>200.00 
Pyrene PYR 12.212 202.00>201.00 202.00>200.00 
Benz(a)anthracene BA A 14.244 228.00>226.00 228.00>202.00 
Chrysene-d12 CHR-d12 14.276 240.00>236.00 240.00>212.00 
Chrysene CHR 14.328 228.00>226.00 228.00>202.00 
Benzo(b)fluoranthene BBF 16.591 252.00>250.00 252.00>226.00 
Benzo(a)pyrene BBP 17.189 252.00>250.00 252.00>226.00 
Perylene-d12 PER-d12 17.291 264.00>260.00 264.00>236.00 
Indeno(1.2.3.cd)pyrene IND 18.897 276.00>274.00 276.00>225.00 
Dibenzo(a.h)anthracene DBA 18.918 278.00>276.00 278.00>252.00 
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DATA ANALYSIS 
In order to highlight the relevant patterns and sources of PAH and heavy metal concentration levels at 
the different sampling locations, statistical approaches based on univariate and multivariate data 
techniques were utilised, such as principal component analysis (PCA) and hierarchical cluster analysis 
(HCA). The primary aim of using these analytical tools was to recognise the patterns of variability 
observed in the data sets. Simple descriptive statistics included the mean, average and standard 
deviations, which were calculated using Microsoft Excel 2010. IBM SPSS software version 22 was 
used for multivariate data analysis, including principal component analysis (PCA) and hierarchical 
cluster analysis (HCA). 
 
Principal component analysis  
PCA has been selected for this investigation because it is the most significant multivariate analytical 
tool. PCA is a pattern recognition process that decreases information dimensionality by simply 
executing a correlation investigation between aspects. Herngren et al,.[99] used this technique to 
identify particular patterns in heavy metals linked to different particle size fractions of dust. In this 
thesis, principal component analysis was carried out to determine common sources of pollutants. PCA 
was performed on the Varimax Rotation to make the results more easily interpretable. 
 
Hierarchical cluster analysis 
Cluster analysis is an unsupervised learning process because the group membership of all objects and 
the number of possible groups are unknown before starting the computation. Different measures for 
similarity, with respect to distance between objects, from the feature space and different algorithms 
for finding clusters are possible [100]. In this thesis, the hierarchical cluster analysis (HCA) was 
carried out using a between-groups linkage cluster method, while the distances between similar 
objects was determined using the Euclidean distance, Cosine and Pearson correlation. This technique 
was used to detect similarities between contaminates in the different sampling sites.  
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CHAPTER 3: ELEMENTAL COMPOSITION OF CAR PARK DUSTS 
Heavy metals are common pollutants found in urban areas due to human activities, commercial, 
industrial and agricultural operations all of which release a variety of potentially toxic pollutants 
[101]. This chapter presents 90 sample analysis results and trends for dust collected at 3 different car 
parking areas at Queensland University of Technology at Gardens Point (2 car parks) and Kelvin 
Grove (1 car park) campuses. Results were obtained for 14 different elements including: sodium (Na), 
magnesium (Mg), aluminium (Al), calcium (Ca), chromium (Cr), manganese (Mn), iron (Fe), cobalt 
(Co), nickel (Ni), copper (Cu), cadmium (Cd), zinc (Zn), barium (Ba) and lead (Pb).  
 
The results are organised as follows for each sampling site: 
• Concentration 
• Principal component analysis 
• Hierarchical clustering analysis  
• Source identification 
In this study, the design of the car park, location to traffic and weather conditions, such as rainfall and 
wind, were identified to be responsible for a number of trends observed.  
 
WEATHER CONDITIONS BETWEEN OCTOBER 2014 AND FEBRUARY 2015 
It is proposed that weather conditions, in particular, the amount of rainfall has had an impact on the 
concentration of elements found in dust samples in car parks exposed to rain and wind. Note that as 
the B level car park is an underground structure, variations in elemental concentrations are unlikely to 
be due to weather events. The rainfall in Brisbane during the 15 weeks of sampling (between October 
2014 and February 2015) is provided in Table 14. 
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Table 14: Weekly total rainfall (mm) in Brisbane city for each week of sampling [102] 
Week Date Rainfall (mm) 
1 13/10/2014 3.2 
2 21/10/2014 0 
3 28/10/2014 2.6 
4 04/11/2014 9.2 
5 11/11/2014 9.4 
6 18/11/2014 72.4 
7 24/11/2014  50 
8 01/12/2014 13.2 
9 08/12/2014 56.6 
10 15/12/2014 18 
11 05/01/2015 27 
12 14/01/2015 0 
13 19/01/2015 201.6 
14 27/01/2015 26.2 
15 04/02/2015 5.2 
 
 
Wind speed is expected to have an effect on the concentration of elements found in car park 
dust samples for the open and semi-enclosed sites. High wind speeds are expected to reduce 
concentrations due to potential dispersive effects. The wind speeds in Brisbane on each day 
of the 15 weeks of sampling at the Sports Lane (open design) and Under Freeway (semi-
enclosed) car parks (between October 2014 and February 2015) are provided in Table 15 and  
Table 16, respectively. 
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Table 15: Wind speed and direction in Brisbane city for Sports Lane site sampling days [102] 
Week Month Date Day Direction Speed km/h 
1 
October 
14 Tue W 41 
2 20 Mon NE 24 
3 30 Thu ENE 28 
4 
November 
3 Mon E 30 
5 10 Mon NE 28 
6 17 Mon E 31 
7 24 Mon NE 35 
8 
December 
1 Mon NNE 26 
9 11 Thu WNW 30 
10 16 Tue NE 26 
11 
January 
7 Wed SSE 33 
12 15 Thu W 37 
14 30 Fri NE 22 
 
Table 16: Wind speed and direction in Brisbane city for Under Freeway sampling days [102] 
Week Month Date Day Direction Speed km/h 
1 
October 
15 Wed WNW 35 
2 22 Wed E 31 
3 29 Wed E 35 
4 
November 
5 Wed ENE 30 
5 12 Wed ESE 30 
6 20 Thu NE 33 
7 27 Thu SW 83 
8 
December 
3 Wed ENE 31 
9 9 Tue ENE 28 
10 15 Mo NE 26 
11 
January 
6 Tue E 33 
12 14 Wed E 33 
13 19 Mon ENE 31 
14 27 Tue E 30 
15 February 4 Wed ESE 41 
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B LEVEL SITE (P BLOCK, BASEMENT LEVEL PARKING, GARDENS POINT) 
The B level site is located in the Science and Engineering Precinct (P block) at Gardens Point campus 
and is an underground parking area (Appendix 1A). Sample locations throughout the sampling period 
(October 2014 to February 2015) are shown in Appendix 2A. Samples from this site were not sieved, 
because the amount of dust collected was not enough to sieve into the three different size fractions 
(Appendix 3). It should be noted that the B level car park is cleaned daily, which is proposed to be the 
reason for the low masses collected. In this study, normalisation was used to reduce database variation 
and define the behaviour for each compound. The advantage of using normalization method is 
reducing variation between values[103]. In this study, the normalisation of data was used to enable 
trends in single/group elemental concentration to be identified; it was calculated by dividing the 
concentration of the element by the average concentration for each element. 
 
Concentration 
Table 17 and Figure 8 show the concentrations of all elements that were extracted from the composite 
car park dust samples collected from the P block basement level car park (Gardens Point campus). 
Appendix 4A provides all of the individual concentrations for each element analysed over the 13 
week sampling period. The highest elemental concentrations found in the dust collected from the 
underground car park were aluminium (107.84mg.kg-1), calcium (96.34mg.kg-1) and iron 
(137.83mg.kg-1), with variations each week displayed in Figure 9. During weeks 1, 3, 8-11 the 
concentration of these elements were quite low, with the highest concentrations recorded in week 4. 
Other elements such as Na, Mg, Cu and Zn were found at moderate concentrations with averages 
between 4.3 – 6.5 mg.kg-1 (Figure 9). The range of concentrations for these elements varied over the 5 
month sampling period; for example, the concentration of Mg varied from 0.42 to 21.54 mg kg−1 with 
an average value of 6 mg kg−1. Barium, cadmium, cobalt, chromium, nickel, manganese and lead had 
average concentrations less than 1 mg.kg-1 during the entire sampling period (Figure 9). All elements 
analysed in this study, were found to be the lowest for dust samples collected compared to Sports 
Lane and Under Freeway sites. It is proposed that this is primarily due to B level site being an 
underground car park that does not have external factors such as road traffic contributing to the 
accumulation of pollutants and the cleaning regime employed by QUT facilities. 
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Table 17: Concentrations of elements (mg.kg-1) at the B level car park (n=11) 
Element Mean Median Max Min 
Na 6.58 BDL 17.98 BDL 
Mg 6.00 4.92 21.54 0.42 
Al 27.46 19.02 107.84 1.58 
Ca 38.86 31.34 96.34 BDL 
Cr 0.43 0.47 0.99 BDL 
Mn 0.58 0.48 2.52 BDL 
Fe 39.13 36.36 137.83 2.34 
Co 0.02 0.02 0.06 BDL 
Ni 0.17 BDL 0.65 BDL 
Cu 4.33 1.13 31.92 BDL 
Zn 4.84 2.94 18.21 BDL 
Cd 0.001 0.001 0.004 BDL 
Ba 0.93 0.87 3.20 BDL 
Pb 0.14 0.08 0.70 BDL 
BDL = Below detection limit where BDL= < 6.40 mg.kg-1 (Na), < 29.01mg.kg-1 (Ca), < 0.20 mg.kg-1 
(Cr), <0.07 mg.kg-1 (Mn), < 0.01 mg.kg-1 (Co), < 2.75 mg.kg-1 (Ni), < 0.06 mg.kg-1 (Cu), < 2.16 mg.kg-1 
(Zn), < 7 x10-4 mg.kg-1 (Cd), < 0.15 mg.kg-1 (Ba) and < 0.02 mg.kg-1 (Pb) 
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Figure 8: Concentrations of elements (mg.kg-1) at the B level sampling site 
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Moderate concentrations of elements 
 
Low concentrations of elements 
Figure 9: Concentrations of elements at B level during the sampling period 
 
0
5
10
15
20
25
30
35
1 2 3 4 5 7 8 9 10 11 13
C
on
ce
nt
ra
tio
ns
 (m
g.
kg
-1
) 
Time (weeks) 
Na
Mg
Cu
Zn
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
1 2 3 4 5 7 8 9 10 11 13
C
on
ce
nt
ra
tio
ns
(m
g.
kg
-1
) 
Time (weeks) 
Cr
Mn
Co
Ni
Cd
Ba
Pb
  47 
Frequency is showing the number of instances in which a variable occurs at each possible value. In 
this investigation, it has been used to show the number of times a given concentration range of 
elements occurs in the data. The frequency distribution of elemental concentrations is shown in Figure 
10. The majority of elements analysed are present in trace amounts (within the range 0-1 mg.kg-1, 1- 
10 mg.kg-1 and10-50 mg.kg-1). Based on the concentration data, these elements are predominately 
heavy metals: Cr, Mn, Co, Ni, Cu, Zn and Cd and elements such as Na, Mg, Al, Ca, Fe, Cu, Zn 
(Appendix 4A). There were also a small number of dust samples that had a concentration between 100 
and 150 mg.kg-1, mainly associated with these elements Ca, Al and F (Appendix 4A). 
 
Figure 10: Concentration frequency distribution of all elements analysed at B level car park 
 
Normalising the elemental concentrations has shown distinct evidence of different behaviours of 
elements over the sampling period (Figure 11). It appears that there are at least 2 groups of elements 
that follow similar trends throughout the sampling period, most clearly observed at week 4: group 1 
consisted of Na, Cr, Cd, Ba and Ca, while group 2 consisted of Mg, Al, Mn, Fe, Co, Cu, Zn, Pb and 
Ni. An initial spike in concentrations was observed in week 2. Barium had the highest normalised 
concentration in the second week of sampling (Figure 11), after which it followed the general trend of 
the other elements in group 1. A second spike in all elemental concentrations occurred in week 4, 
especially for copper which had the highest normalised concentration. In addition, lead, manganese, 
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demonstrated similar trends and low normalised element concentrations, except cadmium in week 8. 
A third spike in concentrations for all elements was observed in week 10. 
 
 
Figure 11: Normalised concentrations of elements analysed in B level dust samples 
 
Multivariate analysis 
Principal component analysis (PCA) 
In order to assess relationships between heavy metals, principal component analysis (PCA) was used. 
The plot of the PCA loadings and the relationships among the elements are readily seen in Figure 
12.The individual loading on each principle component (PC) is provided in Appendix 5A. Factor 
analysis in this study was carried out using the statistical analysis SPSS 21 software. PC1 contributes 
to 79.7% of the total variance and dominated by Mg, Al, Ca, Mn, Fe, Co, Cu, Zn Ba and Pb. These 
elements are similar to groups identified in the normalised elemental composition data. The source of 
these elements (Al, Fe, Ca and Mg) is proposed to be from  soil [10].  PC2 is dominated by Cd, Na, Cr 
and Ni and accounts for 10.10% of the total variance. Elbagir [10] showed that these elements are 
associated with vehicular traffic. Cr originates from motor vehicle exhaust generated from crude oil; 
Ni originates from oil combustion and residual fuel oil; while Cd originates from the combustion of 
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motor fuels [10].  Comparison of the source information indicates that the elemental profile observed 
in the principal component could be classified as source traffic metals. 
 
 
Figure 12: PCA loading plot for elements analysed in B level dust samples 
 
Hierarchical clustering analysis (HCA) 
Hierarchical clustering analysis was applied to provide additional information on relationships and 
correlations of the elements analysed in the dust samples collected at B level (Figure 13). The HCA 
has identified three main clusters of elements, which were classed as significant. Cluster 1 has sub-
groups of elements: group 1a consists of Mg, Al and Zn, group 1b consists of Mn and Pb, group 1c 
consists of Fe and Co and group 1d consists of Cu. These elements may have originated from soils 
and/or anthropogenic activities. Anthropogenic activities are potential sources for Cu , Zn and Mg, 
which are proposed to come from fuels and emissions [104, 105], Co and Cu originate from industrial 
sources [106], while Al, Fe and Mn originate from geological sources and construction dusts [107]. 
Cluster 2 consists of Ba and Ca. Cluster 3 consisted of Ni, Cr, Na and Cd. These elements probably 
also came from anthropogenic sources in this area.  
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Figure 13: HCA dendrogram using average linkage between groups for B level dust samples 
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UNDER FREEWAY SITE (GARDENS POINT) 
 
The Under Freeway site is located under the Riverside Expressway and is located at the Gardens Point 
campus. This car park is classed as semi-enclosed as shown in Appendix 1B. Sample locations 
throughout the sampling period (October 2014 to February 2015) are shown in Appendix 2B. In this 
study, the normalisation of data was used to enable trends in single/group elemental concentration to 
be identified; it was calculated by dividing the concentration of the element by the average 
concentration for each element. 
 
Concentration  
The values of the mean, median, maximum and minimum concentrations of elements found in the 
Under Freeway car park dust samples for 212, 106 and 63µm size fractions are provided in Table 18. 
Figure 14, Figure 15and Figure 16 also show the concentrations of elements in Under Freeway car 
park dust samples. Appendix 4B1, 2, 3 provides all of the individual concentrations for each element 
analysed over the 15 week sampling period for the 3 size fractions. Figure 17 highlights the variability 
in the dust composition over the 15 week sampling period. Weeks 4, 10 and 13 observed significant 
spikes in all elements analysed. The concentration of Fe, Al and Ca were highest (213.54 – 
443.87mg.kg-1) for all size fractions (Appendix 4B). The 63µm size fraction had the highest 
concentrations for all elements compared to the 212 and 106µm size fractions. The increased surface 
area is proposed to be responsible, due to the availability of more adsorption sites on the dust 
particles. The concentration range of Na, Mg and Zn were between 17.85 to 78.34mg.kg-1, while 
concentrations of Cd, Co, Cr, Cu, Mn, Ba and Pb were between 0.004 to 7.57mg.kg-1. Ni was below 
the method detection limit for all size fractions analysed. Overall, all elemental concentrations were 
higher than B level and Sports Lane car parking areas. For example, Al mean concentrations for the 3 
size fractions was 307.72 and 400.24mg.kg-1 for the Under Freeway dust samples, Sports Lane mean 
concentrations ranged between 120.00 and 200.20mg.kg-1, while the composite sample for the B level 
car park was 27.46mg.kg-1. The high concentration levels at the Under Freeway car parking site is 
probably due to the large volume of vehicles that use this car parking facility, as well as the site being 
located directly below the Riverside Expressway (a major road system into Brisbane city). These 
factors would increase the amount of exposure the car park has to vehicle emissions and particulates 
from tires and brakes, all of which are potential pollutant sources.  
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Table 18: Concentrations of elements (mg.kg-1) found in car park dusts at the Under Freeway site for the 212, 106 and 63µm size fractions (n=14) 
Elements  
Fraction 212μm Fraction 106μm Fraction 63μm 
Mean Median  Max Min Mean Median  Max Min Mean Median  Max Min 
Na 21.85 22.16 30.88 10.85 24.21 24.98 39.03 8.24 30.31 27.62 67.14 0.57 
Mg 61.63 58.85 104.74 27.68 62.99 62.77 95.32 29.07 78.34 70.21 154.32 1.65 
Al 307.72 295.22 524.81 133.77 308.39 302.76 466.91 145.79 400.24 358.31 809.60 8.18 
Ca 213.54 205.51 360.39 90.29 226.98 207.90 448.85 88.59 319.70 286.86 701.11 BDL 
Cr 1.38 1.24 2.49 0.77 1.39 1.39 2.05 0.49 1.50 1.51 2.96 0.04 
Mn 5.81 5.68 9.47 2.51 5.94 6.07 8.13 2.75 7.57 6.71 14.71 0.17 
Fe 354.14 341.67 599.66 154.68 351.45 356.77 488.42 163.24 443.87 398.47 864.76 11.03 
Co 0.16 0.16 0.24 0.07 0.25 0.18 1.28 0.10 0.26 0.24 0.66 BDL 
Cu 3.14 2.89 5.15 1.84 2.78 2.91 4.22 1.08 3.03 2.92 6.94 0.07 
Zn 17.85 18.05 27.46 6.68 19.83 19.50 30.32 7.19 21.83 21.67 54.11 0.52 
Cd 0.009 0.006 0.045 0.003 0.0070 0.0071 0.0104 0.0042 0.01 0.01 0.02 BDL 
Ba 3.85 3.67 6.80 2.47 3.92 3.94 6.09 1.78 5.05 4.86 9.87 0.13 
Pb 3.26 3.25 5.47 1.65 3.17 3.20 4.94 1.37 4.17 4.01 9.39 0.12 
BDL = Below detection limit where BDL= 29.01mg.kg-1 (Ca), < 0.01 mg.kg-1 (Co) and < 7 x10-4 mg.kg-1 (Cd) 
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Figure 14: Concentrations of elements at Under Freeway sampling site (fraction size 212µm) 
 
Figure 15: Concentrations of elements at Under Freeway sampling site (fraction size 106µm) 
 
0
50
100
150
200
250
300
350
400
450
500
Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb
C
on
ce
nt
ra
tio
ns
 (
m
g.
kg
-1
) 
Elements 
0
50
100
150
200
250
300
350
400
450
500
Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb
C
on
ce
tr
at
io
ns
 (
m
g.
kg
-1
) 
Elements 
  54 
 
Figure 16:  Concentrations of elements at Under Freeway sampling site (fraction size 63µm) 
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Low concentrations of elements 
Figure 17: Concentrations of elements at Under Freeway sampling site (63µm size fraction) 
 
The frequency distributions of the concentrations of all elements in the 3 different size fractions are 
shown in Figure 18, Figure 19 and Figure 20. These figures show that low concentrations ranging 
between 0-50 mg.kg-1 had the highest frequency. The primarily elements include Na, Mg, Cr, Mn, Co, 
Ni, Cu, Zn, Cd, Ba and Pb based on the average concentrations obtained (Appendix 4B). In addition, 
each size fraction showed that there was a considerable amount of elements with a concentration 
between 50-400 mg.kg-1, which consisted primarily of soil elements such as Mg, Al, Fe and Ca 
especially, fraction 212 μm and 106 μm Figure 18 and Figure 19. Overall, there is an increase in 
concentrations levels in the Under Freeway samples, which showed significant occurrences up to 250 
mg.kg-1 compared to the B level samples that had maximum concentrations of 150mg.kg-1. In 
addition, the 63 µm size fraction show concentrations for some elements reaching up to 900 mg.kg-1, 
as well as significantly more occurrences of elemental concentrations being greater than 400 mg.kg-1 
(Figure 20).  
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Figure 18: Concentration frequency distribution of all elements analysed at Under Freeway car park in 
212µm size fraction 
 
Figure 19: Concentration frequency distribution of all elements analysed at Under Freeway car park in 
106µm size fraction 
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Figure 20: Concentration frequency distribution of all elements analysed at Under Freeway car park in 
63µm size fraction 
Normalised concentrations  
212µm size fraction 
The normalised concentrations of all elements in the 212µm size fraction shows that minimal changes 
occurred during the sampling period (Appendix 6A1). Between weeks 1 to 13 there was no clear trend 
observed for the elements tested. Results for week 13 (collected in January 2015), showed a 
significant increase in Cd compared to all other elements analysed. In this week, wind speed was high 
(Table 16), which suggests that accumulation of metals on the surface of the dust particles has 
occurred and the origin of this metal is primarily from  vehicular or soil particles. 
106µm size fraction  
Normalised concentrations of the 106µm size fraction (Appendix 6A2) appeared to be similar to those 
of the 212µm, with minimal changes observed over the entire sampling period. The exception is 
cobalt, which showed a spike in week 4. There appeared to be an overall decrease in elemental 
concentrations from week to week. Although this week has increased recorded rainfall totals (Table 
14) compared to all the other weeks of sampling, the exact reason for the spike in cobalt is not 
immediately known.  
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63µm size fraction 
The normalised concentration for the 63µm size fraction is shown in Figure 21. It is clear that the 
smaller size fraction (63µm) has a large influence on the concentration of elements found in the Under 
Freeway dust samples compared to the larger size fractions (212 and 106µm). It is believed the 
smaller size fraction, and thus larger surface area of the composite is responsible for increased 
concentration levels for a number of elements. This size fraction allows for fluctuations in elemental 
concentrations to be observed more readily than the corresponding larger size fractions. Spikes in 
concentration for all elements occurred in weeks 4, 9 and 12. These weeks had the lowest recorded 
rainfall totals (Table 14) compared to all the other weeks of sampling, which suggests that 
accumulation of metals on the surface of the dust particles has occurred. 
 
Figure 21: Normalised concentrations of elements analysed in Under Freeway dust samples for the 
63µm size fraction 
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Principal Component Analysis (PCA) 
Principal component analysis was performed on the data set and two principal components were 
identified. Factor analysis in this study was carried out using the statistical analysis SPSS 21 software. 
Factor 1 (PC1) is responsible for 72.20% of the total variation and had high loadings for Na, Ca, Co, 
0
0.5
1
1.5
2
2.5
3
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
N
or
m
al
ise
d 
co
nc
en
tr
at
io
ns
  
Time (weeks)  
Na
Mg
Al
Ca
Cr
Mn
Fe
Co
Ni
Cu
Zn
Cd
Ba
Pb
  59 
Cu, Zn, Ba and Pb (Appendix 5B). PC2 is responsible for 11.13% of the total variation and had high 
loadings for Mg, Al, Cr, Mn, Fe and Cd (Appendix 5B). There is a very loose group of elements 
observed in the PCA plot, with Cd, Cu and Cr appeared as outliners. Close inspection of the PCA plot 
shows the large group may be split into two smaller groups described by the PC loadings. The PCA 
loading plot for elements is shown in Figure 22. A few studies report that Zn, Pb and Cu in road dust 
are usually created from traffic related materials (e.g., petrol, tire tread, brake dust, yellow paint and 
exhaust emissions [108, 109]), which agree with the results obtain in this study . 
 
 
Figure 22: PCA loading plot for elements found in Under Freeway dust (212µm) 
 
Multivariate analysis - 106µm size fraction 
Principal component analysis (PCA) 
PCA was performed on the data set and it was found two principal components accounted for 89.3% 
of the variation in the results (Figure 23). Factor analysis in this study was carried out using the 
statistical analysis SPSS 21 software. Factor 1 (PC1) is responsible for 78.9% of the total variation 
and had high loadings for Al, Ba, Cu, Cr, Cd, Ca, Fe, Mn, Mg, Na, Pb and Zn (Appendix 5, B). PC2 
was dominated by Co, which explained a high variability of 11% of the data set (Appendix 5B). The 
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isolation of Co in the PCA plot is believed to be due to the large spike of Co in week 4 (Appendix 
4B2).  Overall, the majority of elements in dust samples primarily originated from the same sources, 
such as vehicle emissions and particulates. This is based on the large grouping of elements observed. 
Traffic could be the major source of Pb, Zn as well as Cu in the dust samples [110]. Other studies 
indicated that Fe is commonly found in brake related emissions due to frictional contacts between 
brake systems components [111, 112]. Pb may have originated from brake ware related emissions 
[113-115].  It is also a common element in soils. The dominant source for most metals at this location 
is traffic emissions, along with elements commonly found in soils. 
 
 
Figure 23: PCA loading plot for elements found in Under Freeway dust (106µm) 
 
Hierarchical clustering analysis (HCA) 
In order to discriminate distinct groups of heavy metals, hierarchical cluster analysis was performed 
on the available data set. The data was found to form many clusters of elements (Figure 24). The 
largest cluster (Cluster 1) had many sub-groups that consisted of major elements such as Mg, Al, Mn 
and Fe (Cluster 1a).  Cluster 1b consists of Ca and Ba, while Cluster 1c consists of Na and Cd. Yang 
et al., [116] observed that the majority of the heavy metals in this group originate from tire abrasion 
and vehicle exhausts.  
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Weaker clustering was observed for Cr, Pb, Zn and Cu, with Co appearing as its own entity (Figure 
24). These weaker clusters are associated with major heavy metals emitted by traffic sources. 
Apeagyei et al., [117] reported that correlations between Cu and Zn are attributed to the wear of brake 
pads and tires. Another study, reports that Cr, Ni, Cu, Zn and Co are primarily emitted from vehicle 
fuel combustion processes [116]. The results obtained in this study, indicate that the primary source of 
heavy metals is traffic emissions. 
 
Figure 24 : HCA dendrogram using average linkage between groups for Under Freeway dust samples 
for size fraction 106µm 
 
  
 
 
 
 
 
  62 
SPORTS LANE SITE (KELVIN GROVE CAMPUS) 
 
The Sports Lane car park is located next to buildings, a tennis court, gardens and secondary roads at 
the Kelvin Grove campus. This car park is fully open and exposed to rain and wind as shown in 
Appendix 1C.  Sample locations throughout the sampling period (October 2014 to February 2015) are 
shown in Appendix 2C. In this study, the normalisation of data was used to enable trends in 
single/group elemental concentration to be identified; it was calculated by dividing the concentration 
of the element by the average concentration for each element. 
 
Concentration 
The mean, maximum and minimum compositional data for Sports Lane dust samples for the 212, 106 
and 63µm size fractions are provided in Table 19. Figure 25, Figure 26 and Figure 27 are also show 
the concentrations of elements for Sports Lane dust samples. Appendix 4C1, 2, 3 provides all of the 
individual concentrations for each element analysed over the 14 week sampling period for the 3 size 
fractions.  The results from this site showed that the mean concentration of elements was highest for 
the 63µm size fraction for all elements, except Mg which was highest in the 212µm size fraction 
(94.14mg.kg-1 compared to 81.77 mg.kg-1) (Table 19). The highest concentrations observed in Sports 
Lane car park dusts were for Fe (210.55mg.kg-1), Al (200.6mg.kg-1), Ca (125.69mg.kg-1) and Mg 
(94.14mg.kg-1). The highest concentrations of elements were found in samples collected in weeks 2, 
4, 7 and 8 (Figure 28). These weeks correspond with the final exam weeks and the start of the new 
summer program in the QUT academic calendar. These times would correlate with a higher number 
of vehicles using car parking facilities on QUT campuses. Among the 14 elements investigated, the 
concentrations of Ba, Co, Cr, Cu, Cd, Mn and Pb were considered to be of low concentration (0.001 
to 3.38mg.kg-1), while Na, Zn and Ni were below the method detection limit. The absence of Na, Zn 
and Ni in these dust samples clearly shows that the openness of the site location has had an impact on 
the concentration of elements in car park dust samples.  
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Table 19: Concentration elements (mg.kg-1) found in car park dusts at the Sports Lane site for the 212, 106 and 63µm size fractions (n=13) 
Elements 
Fraction 212 µm Fraction 106 µm Fraction 63 µm 
Mean Median Max Min Mean Median Max Min Mean Median Max Min 
Na BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 9.25 BDL 
Mg 94.14 99.56 283.32 16.35 56.45 47.86 198.76 4.00 81.77 64.02 230.37 1.94 
Al 185.4 200.23 531.88 33.4 120.0 104.43 384.88 9.00 200.6 157.54 565.19 5.23 
Ca 113.92 121.79 301.49 BDL 77.3 80.64 224.36 BDL 125.69 103.9 334.11 4.49 
Cr 2.11 1.8 4.99 0.31 1.46 1.04 3.4 BDL 2.45 1.9 7.05 BDL 
Mn 3.36 3.47 9.42 0.67 2.16 1.86 6.89 0.16 3.38 2.83 8.88 0.1 
Fe 201.22 214.73 547.46 36.95 126.97 112.33 399.81 9.96 210.55 167.93 578.23 6.45 
Co 0.11 0.11 0.33 0.02 0.075 0.057 0.23 BDL 0.12 0.11 0.28 0.003 
Cu 0.63 0.41 1.96 0.06 0.457 0.373 1.649 0.038 0.8 0.64 1.97 BDL 
Zn BDL BDL 5.75 BDL BDL BDL 5.43 BDL 3.39 2.82 8.78 BDL 
Cd 0.001 0.001 0.003 BDL 0.001 0.001 0.003 BDL 0.002 0.002 0.006 BDL 
Ba 1.87 1.77 6.62 0.18 1.07 0.95 3.64 BDL 1.7 1.44 4.4 BDL 
Pb 0.13 0.12 0.34 0.01 0.12 0.13 0.34 BDL 0.23 0.2 0.58 BDL 
 BDL = Below detection limit where BDL= < 6.40 mg.kg-1 (Na), < 29.01mg.kg-1 (Ca), < 0.20 mg.kg-1 (Cr), < 0.01 mg.kg-1 (Co), < 0.06 mg.kg1 (Cu), < 2.16 
mg.kg-1 (Zn), < 7x104 mg.kg-1 (Cd), < 0.15 mg.kg-1 (Ba) and < 0.02 mg.kg-1 (Pb) 
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Figure 25: Concentrations of elements (mg.kg-1) at Sports Lane sampling site (Kelvin Grove campus), 
fraction size212 µm 
 
Figure 26: Concentrations of elements (mg.kg-1) at Sports Lane sampling site (Kelvin Grove campus), 
fraction size106 µm 
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Figure 27: Concentrations of elements (mg.kg-1) at Sports Lane sampling site (Kelvin Grove campus), 
fraction size 63 µm 
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Low concentrations of elements 
Figure 28: Concentration elements at the Sports Lane sampling site, 63µm size fraction 
 
The frequency distributions of the concentrations of all elements in the 3 different size fractions are 
shown in Figure 29, Figure 30 and Figure 31. These figures show that low concentrations range of 
elements (between 0 to 10 mg.kg-1) had the highest frequency, which reinforces previous observations 
that the open style of the Sports Lane car park has resulted in low concentrations of pollutants in dust 
samples. This is proposed to be due to a lack of accumulation of the dust samples, due to wind and 
rain causing increased dispersion of dust deposition.  Na, Co, Ni, Cu, Zn, Cd, Ba and Pb were found 
at the lowest concentrations for the composite samples collected (Appendix 4C). It appears that as the 
size fraction decreases the frequency of concentrations in the range 10 to 600 mg.kg-1 is more highly 
distributed, with more occurrences in the high concentration range (greater than 250mg.kg-1). Seven 
samples had low frequency and high concentrations (250-550 mg.kg-1), these included Al (2), Mg (2) 
and Fe (3) for 212µm size fraction. The lowest level of frequency was between 350 to 400 mg.kg-1 for 
the 106 µm size fraction, and 300 to 600 mg.kg-1 for the 63µm size fraction.  
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Figure 29: Concentration frequency distribution of all elements analysed at Sports Lane car park in 
212µm size fraction 
 
 
Figure 30: Concentration frequency distribution of all elements analysed at Sports Lane car park in 
106µm size fraction 
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Figure 31: Concentration frequency distribution of all elements analysed at Sports Lane car park in 
63µm size fraction 
 
Normalised concentrations 
212µm size fraction 
The normalised concentrations of the 212µm size fraction between weeks 1 to 6 show no clear trend 
in elemental composition (Appendix 6B1). It is proposed that variable rain (Table 14) and wind 
conditions (Table 15) influenced the results, in particular the varying amounts of dust sample that was 
able to be collected (Appendix 3). Cu variation is of particular interest, as it clearly deviates from the 
general trend of data in week 3, with a significant drop in week 4. From week 6 onwards, most 
elements followed a general trend with the highest concentrations of elements found in week 7, 
followed by a relatively slow decrease in the following weeks. By week 11 the concentration of 
elements was extremely low compared to maximums obtained at week 7. Sampling weeks 11-13 were 
in January (2015) where there was increased weekly rainfall (Table 14), which is believed to be 
responsible for the low concentration of elements found.    
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106µm size fraction 
Normalised concentrations of elements in the106µm size fraction are provided in Appendix 6B2. The 
smaller size fraction shows that common trends are observed for the elements, compared to the 
212µm which appeared highly variable in the first 6 weeks of sampling. Cr did deviate from the 
common trend of the other elements during this sampling period; however it is unclear what caused it. 
As previously observed for the 212µm size fraction, a spike in concentrations for all elements was 
observed in week 7 for the 106µm dust samples. In the following weeks, concentration levels showed 
a continual decrease in elemental concentrations believed to be associated with increased rainfalls in 
the summer months, where torrential rains occurred and the weekly rainfall was 201.6mm in January 
2015 (Table 14). 
 
63µm size fraction 
Unlike the other 2 larger size fractions, the 63µm shows 2 clear high spikes in concentrations in week 
2 and 7(Figure 32). Although all size fractions showed spikes in weeks 2, 4 and 7, this smaller size 
fraction shows this trend much more clearly in weeks 2, 4 and 7 had the lowest recorded rainfall totals 
(Table 14) compared to all the other weeks of sampling, in addition they correlate with the final exam 
period and start of the summer program in QUT’s academic calendar. 
 
Figure 32: Normalised concentrations of elements analysed in Sports Lane dust samples for the 63µm 
size fraction 
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SOURCE IDENTIFICATION  
A lot of the elements investigated originate from anthropogenic activities, for example, Cu and Zn are 
proposed to come from fuels and emissions [116, 117], Co and Cu from industrial sources [28], while 
Al, Fe, Si, Mn and Sr originate primarily from geological sources and construction dusts [107]. 
 
Based on the results of all of the dust samples, there are some common sources of elements that can 
be identified. The present investigation showed very high concentrations of Al, Ca and Fe in the dust 
samples at all sites, while elements such as Cr, Mn, Co, Ni, Cd, Ba and Pb were found at low levels. 
Traffic is responsible for a number of elements detected in the dust samples; tire and brake wear, 
exhaust fumes, oil spills, soil and cement in road pavements all are major sources of metals found in 
these car park dust samples [118]. Weritz et. al., [119] reported that typical cement minerals usually 
are complex silicates and aluminates commonly consisting of Ca, Si, Fe, Al, Na, K, and Mg. Other 
research indicates that brake dust may be responsible for Al, Fe and Cu sources, while tire tread has 
been linked to Al, Ca, and Zn [120].  
 
Cu, Zn, Cd and Pb may also be derived from tire tread, brake dust, vehicle emissions and yellow line 
marking paint [108, 120, 121]. Song and Gao [26] reported that Pb and Fe might originate from brake 
ware emissions caused by frictional contacts between braking mechanism components. Sanders et al., 
[122] also attributed high concentration levels of  Fe and Cu to wear debris from brake lining 
materials. Braking, in particular, has been shown to contribute to the deposition of Cu on road dusts 
[116]. Tire treads contain Zn and Cd oxide for curing rubber compounds by accelerated sulphur 
vulcanization [120, 123, 124]. According to Jiries et al. [125], Cu, Ni and Cr are from mechanical 
abrasion of motor vehicles, which result in the deposition of these elements on dust particles. 
 
Additional sources of Zn and Cd are in motor lubricating oils that consist of antioxidant additives 
made of Zn- and Cd- di thiophosphate [121]. Yellow paint is a potential Pb contributor in street dust, 
as it consists of beads made of Ca and PbCrO4 particles [120]. Duong and Lee [126] reported that the 
level of Cd, Zn and Ni in  highway dust is derived from asphalt, while Ni can be released from 
gasoline additives and Ni-containing car parts[121].  
 
For the trace concentrations, a primary source of Mn in dust samples has been reported  to originate 
from vehicle emissions, as gasoline can contain 0.03 to 18mg.L-1 of Mn [127]. Manganese has also 
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been used as an additive in vehicular fuel to enhance car and truck performance [128]. Barium, which 
is another trace element detected in this investigation, is generally used in oxidation and corrosion 
inhibitors found in lubricating oils in diesel engines [129]. Gunawardana, C.T.K [12] summarised  the  
pollutants  present  on  road  surfaces  and  their  sources (Table 20). 
 
Table 20 : Sources of some elements , adapted from [12] 
Contaminant Primary source 
Lead Tyre wear, auto exhaust, lubricating oil and grease, be aring wear 
Zinc Motor oil, tyre wear, grease 
Iron Auto   rust,   steel   highway   structures   (e.g.   guard   rails), moving  engine 
parts 
Copper Metal  plating,  bearing  and  brush  wear, moving engine parts, brake lining 
wear, fungicides, insecticides 
Cadmium Tyre wear, insecticide application 
Chromium Metal plating, moving parts, brake lining wear 
Nickel Diesel   fuel   and   petrol   exhaust,   lubricating 
oil,   metal plating, brush wear, brake lining wear, asphalt paving 
Manganese Moving engine parts, auto exhaust 
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ELEMENTAL CONCENTRATIONS AT THE 3 SAMPLING SITES 
 
The range of concentrations of the elements in the dust samples from the Under Freeway parking area 
was higher than both the P block Basement level and Sports Lane sites. These results are probably due 
to the fact that there is an increased volume of traffic in the vicinity of the Under Freeway car park 
(Riverside Expressway is located directly above the car park and is the main road into the city.).This 
increased amount of traffic increases the probability of vehicle emissions depositing on dust samples. 
The distribution of the element concentration of the dust samples in this study area indicated that 
traffic was the major source of metals detected, while the semi-enclosed design of the car park 
assisted in the accumulation of metals on dust samples.  
 
The open plan design of the Sports Lane car park is affected by weather conditions such as wind and 
rainfall which significantly influenced the dust sample composition. The weather had a much smaller 
impact on the Under Freeway carpark (semi-enclosed design), while it was not expected to have any 
influence on the B level car park as it was located underground. As the B level site is not affected by 
weather conditions and a regular cleaning regime is employed, it had the lowest metal concentrations 
for all sites analysed. Sports Lane parking had a large open area design with neighbouring roads, 
buildings and gardens. Due to the openness of the car park design, the greatest amount of fluctuation 
in metal concentrations was observed at this site. Weather, in particular wind speed and rainfall, were 
found to effect the concentration and frequency of elements in the composite dust samples collected at 
the Sports Lane car park. These climatic influences were clearly observed in several weeks of 
sampling at Sports Lane, especially in week 2 to week 4 whereby spikes in elemental concentrations 
were observed due to accumulation (minimal rain and wind leading up to those weeks), while a 
decreasing trend in concentration was found in the later weeks as summer rainfalls increased 
significantly.  
 
In the current study, 14 elements were analysed in the car park samples. The concentrations of Fe, Ca 
and Al in all car park dust samples were highest and ranged between 0 and 850mg.kg-1, depending on 
the week, size fraction and location of the car parking facility. The Fe results in this study were found 
to be higher than other studies [129-132]. In addition, Ca and Al concentration levels were also higher 
in this study compared to previous studies on road dusts Table 21. Although the levels of Fe, Al and 
Ca are higher at QUT car parks compared with other studies, they originate from geological sources 
and construction dusts which are not of huge environmental and anthropogenic concern [107]. 
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The concentrations of Na, Cr, Mn, Co, Ni, Cu, Zn, Cd, Ba and Pb in the dust samples were lower in 
this study, particularly for Cr, Co, Cu, and Pb, when compared to other studies (Table 21). These 
relatively low concentrations, with respects to those by Tanner et. al., [131] on China road dusts, is 
attributed to the different traffic densities (vehicles/km) of the two studies (Brisbane city has a 
significantly lower traffic density than Chinese cities). Similar statements can be made when 
comparing this study with other highly populated cities in other countries; for example, the highest 
concentration of Zn in this study was 54.11mg.kg-1 compared to 4024mg.kg-1 in Hong Kong [131]. 
The same is true for a number of other elements analysed in this study, including Mn, Ni, Ba and Cr 
[129, 131, 133, 134]. The low concentration of metals found in this study is again due to a lower 
traffic density than previous studies (to the best of my knowledge no Australian studies are available 
on road dusts). A low traffic density means there is a smaller amount of metals produced from vehicle 
emissions, tire treads and brake dust. It should be noted that the industrialisation in Brisbane city is 
also not as dense as other countries such as China and thus atmospheric pollution from these sources 
is proposed to be significantly less than previous studies. 
 
Lead is of particular concern due to its health effects on humans. In this study, the Pb concentration 
ranged between 0.01 to 9.39mg.kg-1, with an average concentration of 0.16 mg.kg-1 for P block and 
Sports Lane sites. Higher averages (3.53mg.kg-1) were detected for the Under Freeway site proposed 
to be due to the significant increase in vehicle emissions from the Riverside Expressway directly 
above. The occurrence of Pb in the dust samples is due to tyre debris and brake wear particles [135]. 
Levels detected at the QUT car parks in Brisbane are considerably less than those found in road dusts 
from Madrid (1927mg.kg-1). This is because traffic emissions are a  major source of Pb in road dusts 
and also the type of fuel used [108, 129]. Cr, Zn and Pb are considered to be the major component of 
vehicle emissions [6], thus it is understandable that a lower traffic density corresponds to lower 
concentrations.  
 
In order to discriminate distinct groups of elements as tracers of natural and anthropic sources, 
principal component analyses and hierarchical cluster analysis (HCA) were performed on the dataset. 
Results of factors analysis suggested that the sources for heavy metals in this study were primarily 
vehicle emissions, tire wear and brake dust based on groups and clusters observed. Groups containing 
Cr, Cu, Co, Zn and Ni are associated with vehicle emissions, while brake dust and tire wear were the 
main sources for Cd and Fe. All metals detected in this study are within safe concentration levels for 
humans.  
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Table 21: Concentration elements in other studies around the world 
Elements 
 
Spain Jordan China Indian 
Madrid 
(100µm) 
Amman 
(200µm) 
Beijing 
(63µm) 
Shanghai 
(63µm) 
Hong Kong 
(63µm) 
Delhi 
(75µm) 
Na nd nd 18.3 14.3 24.1 nd 
Mg nd nd 18.3 11.3 5.2 nd 
Al nd 2837 49.3 45.2 46.6 nd 
Ca nd nd nd nd nd nd 
Cr 61 91 85.6 242 324 170.8 
Mn 362 262 552 904 639 699.2 
Fe 19.3 nd 27.9 46.5 nd 27.05 
Co 3 64 9.4 12.1 10.2 23.3 
Ni 44 75 nd nd nd 37.2 
Cu 188 315 42 141 534 168.7 
Zn 476 nd 214 699 4024 263.7 
Cd nd 0.78 1.2 0.9 1.8 nd 
Ba nd 328 nd nd nd 332.9 
Pb 1.927 199 61 148 240 128.7 
References 
De Miguel et 
al. [129] 
Al Momani 
[130] 
Tanner et al. [131] 
Rajaram et 
al. [132] 
*nd= not determined  
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CHAPTER 4: POLYCYCLIC AROMATIC HYDROCARBON POLLUTANTS   
 
PAHs are well known environmental pollutants that are gaining increasing concern due to their 
adverse harmful side effects on humans, in particular their carcinogenic and mutagenic properties 
[136]. This chapter presents the analysis of 76 samples and trends observed for composite dust 
samples collected at 3 different car parking areas at QUT (2 car parking facilities at Gardens Point 
campus and 1 at the Kelvin Grove campus). The analysis focused on 15 of the US EPA priority PAH 
compounds [136], which includes naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE), 
fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLT), pyrene (PYR), 
benz(a)anthracene (BAA), chrysene (CHR),  benzo(b)fluoranthene (BBF), benzo(a)pyrene (BAP), 
indeno(1.2.3.cd)pyrene (IND),  dibenzo(a.h)anthracene (DBA) and benzo(g.h.i) perylene (BGP). 2-
bromonapthalene (BNAP) was also included in the analysis as it was in the standard calibration mix 
used.  
 
The results are organised as follows for each sampling site: 
• Concentration 
• Principal component analysis 
• Hierarchical clustering analysis  
• Source identification 
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B LEVEL SITE (P BLOCK, BASEMENT LEVEL PARKING, GARDENS POINT) 
 
The B level site is located at the Science and Engineering Precinct (P block) at Gardens Point campus 
and is an underground parking area (Appendix 1A). Sample locations throughout the sampling period 
(October 2014 to February 2015) are shown in Appendix 2A. Samples from this site were not sieved, 
this is because the amount of dust collected was not enough to sieve into three different size fractions 
(Appendix 3). It should be noted that the B level car park is cleaned daily, which is proposed to be the 
reason for the low masses collected. In this study, a normalisation process was used to reduce a 
database concentration and define the behaviour for each compound. A normalised concentration was 
calculated by dividing the concentration of the element by the average concentration for each element. 
 
Concentration 
Analytical results on the concentrations of polycyclic aromatic hydrocarbon (PAHs) found in the B 
level car park are presented in Table 22 and Figure 33. Appendix 7A provides all of the individual 
concentrations for the 16 PAHs analysed over the 13 week sampling period. In this study, the highest 
concentrations were observed for BGP, PYR, CHR, FLT, BBF, PHE and BAP with 351.55, 324.65, 
208.68, 166.52, 158.34, 123.35 and 119.65µg.kg-1, respectively (Table 22). Figure 34 shows the 
variation in PAH concentrations over the 13 week sampling period, with a spike in concentrations 
observed in week 3 for the majority of PAHs analysed. The PAHs analysed in this study have more 
than three benzene rings, except for phenanthrene, and are considered to be common PAHs associated 
with high density cities and industrialised regions. Benzo(g.h.i)perylene (BGP) had the highest 
average concentration (351.55µg.kg-1) for dust samples compared to the 15 other PAHs analysed, 
while a maximum of 1176.9µg.kg-1 was observed in week 3 (Figure 34). Pyrene (PYR) also observed 
a large increase in concentration in week 3 (1154.3 µg.kg-1) compared to its average concentration of 
324.65µg.kg-1 over the 13 week sampling period (Figure 34). Naphthalene (NAP), acenaphthylene 
(ACY), benz(a)anthracene (BAA) and dibenzo(a.h)anthracene (DBA) were considered to be present 
at low concentrations in the dust sample (averages between 14.08–97.37µg.kg-1) (Table 22). BNAP 
was below method detection limits for all composite dust samples collected, and is therefore not 
included in Table 22. The overall concentration of PAHs at the B level car park was considerable less 
than the Under Freeway parking facility, but slightly higher than the Sports Lane parking facilities.  
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Table 22: Concentration PAHs (µg.kg-1) in the dust samples, B level site (n=7) 
PAHs Mean Median Max Min SD  
NAP 27.45 BDL 80.6 BDL 27.46 
ACY 14.08 BDL 37.9 BDL 14.08 
ACE BDL BDL 10.4 BDL 3.16 
FLU BDL BDL 23.8 BDL 8.1 
PHE 123.35 118.5 348.5 BDL 123.36 
ANT BDL BDL 31.7 BDL 11.11 
FLT 166.52 164.2 493.8 BDL 166.53 
PYR 324.65 127.0 1154.3 BDL 324.66 
BAA 97.37 83.6 297.4 BDL 97.37 
CHR 208.68 73.7 793.9 BDL 208.69 
BBF 158.34 64.2 593.3 BDL 158.34 
BAP 119.65 43.5 449.5 BDL 119.65 
DBA 28.814 9.1 124.2 BDL 28.81 
BGP 351.55 155.3 1176.9 16.4 351.56 
BDL = Below detection limit where BDL= <15.47µg.kg-1 (NAP ), <11.71 µg.kg-1 (ACY), <9.98 
µg.kg-1 (ACE), <10.07 µg.kg-1 (FLU), <9.95 µg.kg-1 (PHE), <11.49 µg.kg-1 (ANT), <10.47 µg.kg-1 
(FLT), <12.68 µg.kg-1 (PYR), <12.12 µg.kg-1 (BAA), <16.22 µg.kg-1 (CHR), <12.38µg.kg-1(BBF), 
<13.14µg.kg-1(BAP)and <7.00µg.kg-1(DBA). 
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Figure 33: Concentration PAHs (mg.kg-1) in B level sampling site (n=7) 
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High concentrations at B level 
 
Low concentrations at B level 
Figure 34: Concentration PAHs for B level sampling site 
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Frequency distribution is a tool that displays the frequency of a particular concentration range in a 
sample. In this study, the frequency distribution of PAH concentrations is shown in Figure 35. Most 
of the PAHs were found at low concentrations (less than50 µg.kg-1). The most frequently found 
concentration range for PAHs in the dust samples were between 50 and 200µg.kg-1. There were 13 
PAHs with concentrations greater than 250µg.kg-1, but they had low frequencied include these PHE 
(one sample), FLT (2 samples), PYR (2 samples), BAA (one sample), CHR (3 samples), BBF (2 
samples), BAP (one sample) and BGP (one sample) (Appendix 7A).  
 
 
Figure 35: Frequency distribution of PAH concentrations, B level site 
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Normalised concentrations 
Normalisation is a general statistical method to reduce the anomalies in large data sets [57]. The 
normalisation of the PAH concentrations has been shown to show how each individual PAH behaves 
in relation to all other PAHs (Figure 36). There was a large spike in concentration observed for 12 of 
the 15 PAHs analysed in week 3, with dibenzo(a.h)anthracene (DBA) showing the greatest relative 
increase. Naphthalene (NAP), acenaphthylene (ACY) and anthracene (ANT) did not show an increase 
in week 3, however they did show elevated levels in weeks 4 and 5. These 2 trends indicate that there 
are 2 different sources influencing the concentration levels of the 15 PAHs.  
 
 
 
Figure 36: Normalised concentrations of PAHs analysed in B level dust samples 
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Principal component analysis (PCA) is the most widely used multivariate statistical technique in the 
atmospheric sciences. The primary function of this investigation is the decrease of the number of 
variables while keeping as much of the original data as possible. Therefore, variables with similar 
0
1
2
3
4
5
1 2 3 4 5 8 13
N
or
m
al
ise
d 
co
nc
en
tr
at
io
ns
  
Time (weeks) 
NAP
ACY
ACE
FLU
PHE
ANT
FLT
PYR
BAA
CHR
BBF
BAP
IND
  82 
characteristics can be grouped into factors [137]. PCA in this study was carried out using the 
statistical analysis SPSS 21 software. As a result, the total of cumulative variance explained was 
92.74% on two principal components (Appendix 9A). The loading plot is provided in Figure 37. PC1 
explained 76.22% of the variance of data and shows high loadings for ACE, FLU, PHE, FLT, PYR, 
CHR, BAA, BAP, BBF, DBA and BGP (Figure 37, Appendix 9A). These PAHs are commonly 
associated with vehicle related sources; BGP is found in vehicle emissions [138], PHE and BGP come 
from diesel powered vehicles [139], and BBF and BGP are commonly associated with vehicle exhaust 
emissions [140]. PC2 explained 16.57% of the variance in the data, and had high loadings for NAP, 
ACY and ANT (Figure 37, Appendix 9A), reflecting an incomplete combustion related source [64].  
 
 
Figure 37: PCA loading plot for PAHs found in B Level site 
 
Hierarchical cluster analysis (HCA) 
Hierarchical cluster analysis (HCA) was performed on the concentration levels of PAHs found in B 
level composite dust samples. The results are illustrated in the dendrogram in Figure 38, which shows 
the identification of four clusters of PAHs. The distances of the clusters represent the degree of 
connection between PAHs. The strongest and largest cluster (Cluster 1) contained PAHs: CHR, BBF, 
BAP, PYR, ACE and FLU; with 2 sub-clusters consisting of DBA and BGP, and PHE, FLT and 
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BAA. The final cluster consisted of NAP and ACY, while ANT appeared to be independent of the 
other PAHs. These clusters indicate that the source of these compounds are most likely from vehicle 
emissions and combustion sources [141].  
 
Figure 38 : HCA dendrogram using average linkage between groups for B Level sit 
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UNDER FREEWAY SITE (GARDENS POINT) 
The Under Freeway site is located under the Riverside Expressway and is located at the Gardens Point 
campus. This car park is classed as semi-enclosed as shown in Appendix 1B. Sample locations 
throughout the sampling period (October 2014 to February 2015) are shown in Appendix 2B. 
Normalisation is used as a refinement process for identifying relationships. A normalised 
concentration was calculated by dividing the concentration of the element by the average 
concentration for each element.  
 
Concentration  
The concentrations of 16 PAHs (mean, median, maximum and minimum) in dust samples collected at 
the Under Freeway car park for 212, 106 and 63µm size fractions is provided in Table 23,Figure 40, 
Figure 41 and Figure 42. Appendix 7B1,2,3 provides all of the individual concentrations for the 16 
PAHs analysed over the 15 week sampling period for the 3 size fractions. The highest concentration 
of PAHs was observed for PYR, FLT, BGP, BAA, BBF, BAP and PHE in all size fractions (212, 106 
and 63µm). This group of PAHs were found to be highest between weeks 2 and 5 (Figure 42). 
Naphthalene (NAP) had mean concentrations of 23.28, 28.37 and 80.91µg.kg-1 for 212, 106 and 
63µm, respectively. Acenaphthylene (ACY) had the highest concentration level of 310.5µg.kg-1 
(maximum value found) for the 63µm in week 10, but was below the detection limit in the 212µm 
(Table 23, Figure 42). Figure 42 also shows that naphthalene (NAP) spiked in week 10, with a 
maximum concentration of 575.1 µg.kg-1. ACE, FLU and IND were below detection limits in all 
fractions. 2-bromonapthalene (BNAP) was not detected in the car park dust samples for all fractions 
and has been excluded in Table 23. This low molecular mass PAH (2 ring structures) is believed to 
have evaporated during sampling and extraction processes. PAH concentrations were highest in the 
Under Freeway parking facility compared to the B level and Sports Lane sites. For example, pyrene 
(PYR) had average concentration ranges between 343.1 and 382.41µg.kg-1 (Table 23) for all 3 size 
fractions at the Under Freeway site compared with Sports Lane (24.36-75.49µg.kg-1 - Table 23) and B 
level (324.65µg.kg-1 -Table 22) parking facilities. These high concentration levels are probably a 
result of the location; located below a major freeway and large parking area. 
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Table 23: Concentration PAHs in Under Freeway site (n=12) 
Component Fraction 212μm Fraction 106μm Fraction 63μm 
Mean Median Max Min SD Mean Median Max Min SD Mean Median Max Min SD 
NAP 23.28 BDL 126.9 BDL 38.13 28.37 BDL 154 BDL 47.61 80.91 BDL 575.1 BDL 167.98 
ACY BDL BDL 45.8 BDL 14.07 14.15 BDL 68.6 BDL 20.77 42.06 BDL 310.5 BDL 90.47 
ACE BDL BDL 14.6 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 
FLU BDL BDL 11.6 BDL BDL BDL BDL 22.6 BDL BDL BDL BDL 14.1 BDL BDL 
PHE 128.53 91.5 482 BDL 129.68 143.52 156.75 306.6 BDL 96.19 119.7 141.5 282.8 10.8 83.77 
ANT 24.36 18.4 81.9 BDL 22.09 22.3 25.3 48.1 BDL 15.18 17.49 22.4 28.4 BDL BDL 
FLT 307.86 168.5 1531.2 BDL 414.54 279.41 298.9 647.9 11.1 205.42 200.15 227.4 648.1 BDL 191.64 
PYR 363.08 209.05 1708.5 BDL 487.76 382.41 371.2 911.9 BDL 303.98 343.1 377.9 851.5 30.4 255.77 
BAA 190.59 115.45 791.6 BDL 224.71 146.11 168.75 301.2 BDL 105.89 116.81 101.9 291 BDL 94.76 
CHR 234.83 BDL 1799.7 BDL 511.01 144.63 BDL 817.1 BDL 251.77 189.79 42.7 817.7 BDL 260.49 
BBF 182.95 BDL 1541.9 BDL 437.52 79.26 BDL 524.2 BDL 154.82 113.13 41.1 584.6 BDL 175.26 
BAP 113.17 BDL 938.7 BDL 265.74 60 BDL 272.5 BDL 99.10 71.05 14.9 353.7 BDL 106.12 
DBA 32.72 BDL 324.7 BDL 92.19 18.01 BDL 107.8 BDL 31.19 19.57 BDL 117.4 BDL 35.82 
BGP 238.58 119.25 1353.9 BDL 370.34 215.08 168 698.4 BDL 210.58 200.47 168 679.5 15.8 201.06 
BDL = Below detection limit where BDL= <15.47µg.kg-1 (NAP ), <11.71 µg.kg-1 (ACY), <9.98 µg.kg-1 (ACE), <10.07 µg.kg-1 (FLU), <9.95 µg.kg-1 (PHE), 
<11.49 µg.kg-1 (ANT), <10.47 µg.kg-1 (FLT), <12.68 µg.kg-1 (PYR), <12.12 µg.kg-1 (BAA), <16.22 µg.kg-1 (CHR), <12.38 µg.kg-1 (BBF), <13.1µg.kg-
1(BAP)and<7.00µg.kg-1(DBA)
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Figure 39: Concentrations of PAHs at Under Freeway sampling site (fraction size 212µm) 
 
 
Figure 40: Concentrations of PAHs at Under Freeway sampling site (fraction size 106µm) 
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Figure 41: Concentrations of PAHs at Under Freeway sampling site( fraction size 63µm)
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High concentrations of PAHs 
 
Low concentrations of PAHs 
Figure 42: Concentration PAHs at Under Freeway sampling site, 63µm fraction)
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Frequency distributions of concentrations for PAHs for the 212, 106 and 63µm size fractions are 
shown in Figure 43, Figure 44 and Figure 45, respectively.  Figure 43 shows the highest level of 
frequency was between 1 and 50µg.kg-1 specially for NAP, ACE, ACY (9 samples for each) and 8 
samples for FLU. The 212µm size fraction was found to have 6 instances when the concentration was 
greater than 900µg.kg-1 with low frequency FLT, PYR, CHR, BBF, BAP and BGP: one sample for 
each (Appendix 7B1). The highest frequencys of concentration ranges for PAHs in 106µm size 
fraction were between 1-50 μg.kg-1 and 100-400 μg.kg-1 which includ NAP (9 samples), ACE (10 
samples),  ACY (10 samples),  PHE(7 samples), ANT(8 samples) and  BGP(5 samples). The range of 
concentration (800-1200 μg.kg-1 had one sample of CHR (Appendix 7 B2). Moreover, 63µm size 
fraction had the highest frequency between range 1-200 μg.kg-1specially for NAP, ACY, ACE, PHE 
and ANT. Both PYR and CHR had lowest frequency (one sample for each), but highest concentration 
range between 800-1200 μg.kg-1(Appendix 7 B3). 
 
 
Figure 43: Concentration frequency distribution of all PAHs analysed at Under Freeway car park in 
212µm size fraction 
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Figure 44: Concentration frequency distribution of all PAHs analysed at Under Freeway car park in 
106µm size fraction 
 
Figure 45: Concentration frequency distribution of all PAHs analysed at Under Freeway car park in 
63µm size fraction 
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Normalised concentrations 
212µm size fraction 
Normalised concentrations for the 212µm size fraction shows a significant increase in concentration 
for all PAHs found on the dust samples (Figure 46). ACY and FLU were also found to be higher than 
normal for week 4. Weeks 3 and 4 correspond with the final exam period on QUT’s academic 
calendar, which would see a significant increase in usage of the parking facilities. An increase would 
translate in increases in vehicle emissions and thus the amount of PAH that can deposit on dust 
particles. For the remaining weeks, the concentration of PAHs remained relatively consistent with 
only small fluctuations observed between weeks 9 and 11.  
 
 
 
Figure 46: Normalised concentrations of PAHs analysed in Under Freeway dust samples, 
(212µm size fraction) 
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106 and 63µm size fractions 
Normalisation of concentrations of the 106 and 63µm size fraction are provided in Appendix 8A1 and 
8A2. Similar trends (spike in concentration between weeks 3 and 4) were observed for these smaller 
size fractions as observed in the 212 size fraction. However, there appears to be a greater amount of 
variation (noise) in the results. A small spike in week 6 for all PAHs, except ACY, NAP, ANT and 
BBF, was also observed, however to a much lesser extent than the spike in weeks 3 and 4. Week 6 
corresponds with the start of the summer program in QUT’s academic calendar, thus increased usage 
in parking facilities, which may explain this spike. This observation and the fact that the majority of 
these elements showed a higher concentration spike in week 4 suggests that there is at least 2 sources 
of PAHs. 
 
Multivariate analysis - 212µm size fraction 
Principal component analysis 
The PCA loadings plot for the 212µm dust samples are presented in Figure 47 which shows a large 
cluster of 14 PAHs and FLU on its own.  Factor analysis in this study was carried out using the 
statistical analysis SPSS 21 software. Two factors accounted for 93.76% of the total variability. Factor 
1 (PC1) explained 85.4% of the variance of data, with high loadings for NAP, ACY, ACE, PHE, 
ANT, FLT, PYR, BAA, CHR, BBF, BAP, DBA and BGP (Appendix 9B1). This group of compounds 
are likely to be related to exhaust emissions based on the study by Long et al., [142], except BBF 
which is derived from diesel emissions [142]. Factor 2 (PC2) had 8.3% of variance, with high 
loadings found for fluorene and to a lesser extent NAP and ACY (Appendix 9B1). Another study by 
Fang et al., [137] demonstrated that ACY, FLT, FLU, PYR as well as CHR originate almost 
exclusively from diesel vehicle emissions, while FLU, CHR and BGP are considered good indicators 
for petrol vehicle emissions. The studies were consistent with the results obtained by PCA in this 
study, which revealed that PAHs found on the dust samples collected from the car park can be 
sourced from vehicle emissions (petrol and diesel). 
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Figure 47: PCA loading plot for PAH s found in Under Freeway dust for size fraction 212µm 
 
Hierarchical clustering analysis 
The cluster analysis is complementary to the PCA loading plot; they consist of similar PAH 
groupings. Two broad clusters are seen in the dendrogram (Figure 48), where Cluster 1 consisted of 
PHE, ANT ACE, FLT, BAA and PYR, Cluster 2 consisted of CHR, BAP, BBF, BGP and DBA; 
Cluster 3 consisted of NAP and ACY. Similar groupings are observed in the PCA loadings plot, 
whereby Cluster 3 is moving away from the tight cluster (Cluster 1), and to a lesser extent Cluster 2 is 
also moving further away from Cluster 1. Miguel et al [143] reported that diesel trucks were the major 
source of lighter PAHs and petrol vehicles were the main sources of higher molecular weight PAHs 
such as BAP and DBA. This consideration is also true for this statistical analysis and it could be 
concluded that they are probably from similar sources. 
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Figure 48: HCA Dendrogram using average linkage between groups for Under Freeway dust samples 
for size fraction 212µm 
 
Multivariate analysis - 106µm size fraction 
Principal component analysis 
The PCA loading plot for the 15 PAHs for the 106µm size fraction is shown in Figure 49, which has 
explained a total of 85.6% variance. Unlike the 212µm PCA plot (Figure 47), the PCA plot for the 
106µm size fraction shows an increased amount of spread in the data (Figure 49).  Factor 1 (PC1) 
showed high loadings for NAP, ACY, FLU, CHR, BBF, BAP and BGP and was responsible for 
69.4% of the total variance (Appendix 9B2). The second factor (PC2), accounted for 16.18% of the 
total variance, with relative high loadings for PHE, ANT, FLT, PYR and BAA (Appendix 9B2). 
These organic contaminants originate from anthropogenic activities related to vehicle emissions [141] 
and Lv et al., [144] reported that combustion of petrol will mainly generate BBF, CHR and BGP. 
These reported sources match the groupings observed in the PCA.  
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Figure 49: PCA loading plot for PAH s found in Under Freeway dust for size fraction 106 µm 
 
Multivariate analysis - 63µm size fraction 
Principal component analysis 
The PCA loading plot for the 15 PAHs for the 63µm size fraction is shown in Figure 49, which has 
explained a total of 82.44% variance. The 63µm PCA plot (Figure 50) also shows a significant spread 
in the data, like the 106µm PCA plot (Figure 49), however with different groupings. PCA for the 
63µm size fraction can be explained by two factors, with PC1 and PC2 accounting for 65.17 and 
17.2%, respectively. PC1 showed high loadings for ACE, PHE, FLT, PYR, BAA, CHR, BBF, BAP, 
DBA and BGP (Appendix 9B3). The study by Agarwal [52] reported that diesel exhaust emissions are 
rich in CHR, FLT and PYR, while natural gas combustion is considered a source of BAA [52]. PC2 
had high loading values for ANT and FLU (Appendix 9B3).Various other reports likewise suggest 
that oil combustion was described to be associated with the high concentration of the more volatile 
PAHs like FLU, FLT and PYR, as well as some higher molecular weight PAHs such as BBF and IND 
[138, 145]. Overall, the PAH sources are proposed to be from vehicle sources.  
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Figure 50: PCA loading plot for PAH s found in Under Freeway dust for size fraction 63 µm 
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SPORTS LANE SITE (KELVIN GROVE CAMPUS) 
The Sports Lane car park is located next to buildings, a tennis court, gardens and secondary roads. 
This car park is fully open and exposed to rain and wind as shown in Appendix 1C.  Sample locations 
throughout the sampling period (October 2014 to February 2015) are shown in Appendix 2C. 
Normalised concentrations were calculated by dividing the concentration of the element by the 
average concentration for each element. 
Concentration  
The mean, median, maximum and minimum statistics for the 15 PAHs analysed for the 212, 106 and 
63µm size fractions collected at Sports Lane car park is provided in Table 24, Figure 51, Figure 52and 
Figure 53. Appendix 7C1, 2, 3 provides all of the individual concentrations for the 15 PAHs analysed 
over the 13 week sampling period for the 3 size fractions. It is clear from Table 24, that the 
concentration of PAHs found on dust samples at the Sports Lane are considerably lower than the other 
2 car parking facilities. The highest PAH concentrations were found for the 63µm size fraction Table 
24. 2-bromonapthalene (BNAP) was again not detected and has been omitted from Table 24. The 
highest PAH concentrations were found in parking dusts consisting of 3 to 5 ring structures, such as 
PHE (84.0 to 157.0µg.kg-1), ANT(302.84µg.kg-1), FLT (131.0 to 289.4µg.kg-1), PYR (111.2 to 
223.9µg.kg-1), BAA (87.3 to 220.4µg.kg-1), CHR (54.5 to 275.5µg.kg-1) and BBF (36.6 to 196.4µg.kg-
1). The overall PAH concentration range found in the Sports Lane car park dust ranged from below 
detection limit to 289.4µg.kg-1.  
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Table 24: Concentration PAHs (µg.kg-1) in Sports Lane Site (Kelvin Grove campus) (n= 14) 
Component 
Fraction 212 µm Fraction 106 µm Fraction 63µm 
Mean Median Max Min SD Mean Median Max Min SD Mean Median Max Min SD 
NAP BDL BDL 21.8 BDL BDL BDL BDL 15.9 BDL BDL 17.98 BDL 57.4 BDL 20.11 
ACY BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 20.1 BDL BDL 
FLU BDL BDL BDL BDL BDL BDL BDL 11.6 BDL BDL BDL BDL 11.2 BDL BDL 
PHE 17.78 BDL 84.0 BDL 23.79 31.1 BDL 157.0 BDL 49.57 54.39 39.45 143.2 BDL 49.08 
ANT 90.41 BDL 302.84 BDL 139.62 94.91 BDL 302.84 BDL 143.70 96.95 14.25 302.84 BDL 142.27 
FLT 18.75 BDL 131.0 BDL 34.01 42.63 BDL 289.4 BDL 88.68 70.06 41.85 277.3 BDL 82.87 
PYR 28.9 BDL 223.9 BDL 58.32 24.36 BDL 111.2 BDL 32.98 75.29 60.8 219.9 BDL 72.88 
BAA 12.52 BDL 87.3 BDL 23.00 28.43 BDL 226.4 BDL 69.81 41.4 25.05 212.7 BDL 62.53 
CHR 11.93 BDL 54.5 BDL BDL 18.63 BDL 77.9 BDL 22.53 76.19 49.6 275.5 BDL 83.06 
BBF BDL BDL 36.6 BDL BDL 12.41 BDL 53.3 BDL 15.34 56.28 35.55 196.4 BDL 61.75 
BAP BDL BDL 18.8 BDL BDL 8.28 BDL 34.1 BDL BDL 31.25 25.3 74.7 BDL 26.03 
DBA BDL BDL 7.1 BDL BDL BDL BDL 18.7 BDL BDL 7.55 BDL 24.8 BDL 7.94 
BGP 17.36 BDL 71.1 BDL 23.85 44 BDL 197.3 BDL 65.10 93.35 67.55 248.7 BDL 85.77 
BDL = Below detection limit where BDL = <15.47µg.kg-1 (NAP ), <11.71 µg.kg-1 (ACY), <10.07 µg.kg-1 (FLU), <9.95 µg.kg-1 (PHE), <11.49 µg.kg-1 (ANT), 
<10.47 µg.kg-1 (FLT), <12.68 µg.kg-1 (PYR), <12.12 µg.kg-1 (BAA), <16.22 µg.kg-1 (CHR), <12.38 µg.kg-1 (BBF), <13.14 µg.kg-1 (BAP) and <7.00µg.kg-
1(DBA).
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Figure 51: Concentrations of PAHs (µg.kg-1) at Sports Lane Site (Kelvin Grove campus) in fraction size 
212µm 
 
 
Figure 52: Concentrations of PAHs (µg.kg-1) at Sports Lane Site (Kelvin Grove campus) in fraction 
size106 µm 
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Figure 53: Concentrations of PAHs (µg.kg-1) at Sports Lane Site (Kelvin Grove campus) in fraction size 
63 µm 
 
The frequency distribution of PAH concentrations for Sports Lane car park dust samples for the 212, 
106 and 63µm size fractions are presented in Figure 54, Figure 55 and Figure 56, respectively. The 
distribution plots appear similar, however a greater amount of low concentrations 0-50 µg.kg-1 was 
found for the 212µm size fraction compared to 106 and 63 µm size fraction, respectively). The lowest 
range of concentrations detected between 0-50 µg.kg-1 for 212µm fraction had highest frequency for 
PAHs such as FLU, NAP and ACY (Appendix 9C1, 2, 3). All concentrations that were greater than 
200µg.kg-1 were not very frequent for all size fractions. The 106µm size fraction showed the lowest 
frequency of high PAH concentrations, such as ANT (3 samples), FLT (1 sample), BAA (1sample) 
and BGP (1 sample) (Appendix 9C1, 2, 3).  The 63µm size fraction showed the lowest frequency of 
high PAH concentrations such as CHR (1 sample) and  BGP (1 sample). 
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Figure 54: Concentration frequency distribution of PAHs analysed at Sports Lane car park in 212µm 
size fraction 
 
Figure 55 : Concentration frequency distribution of PAHs analysed at Sports Lane car park in 106µm 
size fraction 
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Figure 56 : Concentration frequency distribution of PAHs analysed at Sports Lane car park in 63µm 
size fraction 
 
Normalised concentrations 
212µm size fraction 
The normalised concentrations for the 212µm size fraction are provided in (Appendix 8B1). There is a 
significant amount of variation in the results obtained, however there does appear to be spikes in 
concentrations in weeks 3-4 and then 12-4 for the majority of PAH compounds analysed. Significant 
increases in weeks 3-4 were observed for FLU and CHR, while in weeks 12-14 significant increases 
in ACY, ACE and PYR were observed. Anthracene (ANT) showed a range of increasing and 
decreasing trends throughout the sampling period, and it is unknown what could have caused these 
variations in concentration.  
 
106 µm size fraction 
Normalised concentrations for the 106µm size fraction are shown in Appendix 8B2. Similar to the 
212µm size fraction, spikes in concentration were observed in week 3, with a significant increase in 
concentration in week 13. Unlike, the 212µm size fraction, it is clear that concentration spikes for the 
following PAHs occur in week 13; BAA, PHE, FLT, BGP, DBE and FLU. These PAHs are 
0
2
4
6
8
10
12
14
16
18
20
0-1 1-10 10-50 50-100 100-200 200-400 400-800 800-1200
Fr
eq
ue
nc
y 
Concentrations Range (µg.kg-1) 
BGP
DBA
BAP
BBF
CHR
BAA
PYR
FLT
ANT
PHE
FLU
ACY
NAP
  103 
associated with petrol emissions based on the study completed by Agarwal [52]. NAP, ACY and BBF 
after weeks 6 were below detection limits and thus no changes were observed.  
 
63 µm size fraction 
A much clearer trend is observed for the normalised concentrations of PAHs found on the 63µm size 
fraction, in particular an initial spike in all PAH concentrations between weeks 3 and 5, and a second 
spike for the majority of PAHs (except NAP, ACY and PYR) in week 10 (Figure 57). The initial 
spike in weeks 3-5 is proposed to be due to increased usage of the parking facility, thus increased 
vehicle emissions, due to these weeks corresponding with the final exam period on the academic 
calendar. NAP and ACT showed no change in concentration between weeks 7 and 10 due to them 
being below detection limits.  
 
 
Figure 57: Normalised concentration of PAHs analysed in Sports Lane dust samples, 
(63µm size fraction) 
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Multivariate analysis – 63µm size fraction 
Principal component analysis 
PCA was performed on the 63µm size fraction to try and elucidate the primary groupings of PAHs 
and thus sources. The PCA loadings plot is provided in Figure 58, with two factors responsible for 
89.4% of the total variation in the data. PC1 is responsible for 69.2% of the total variation and has 
high loading values for NAP, ACY, ACE, FLU, PYR, BAP, BGP and DBA, which are typical 
markers for fuels combustion [146] (Appendix 9C1). PC2 is responsible for 20.1% of the total 
variation and a close association between PHE, FLT, BAA, CHR and BBF is observed (Figure 58). 
The study by Agarwal [52] reported that diesel exhaust emissions are rich in CHR, FLT and PHE, 
while natural gas combustion is considered a source of BAA [52]. Comparison of the source 
information indicates that PAHs in this study originate from a range of traffic emissions. 
 
 
 
Figure 58: PCA loading plot for PAHs found in Sports Lane dust for size fraction 63µm 
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Hierarchical clustering analysis 
The cluster analysis of the 63µm size fraction (Figure 59) indicates that there are three broad clusters. 
Cluster 1 consists of FLT, CHR and BBF, with close associations with PHE and BAA (also seen as a 
grouping in Figure 58, in particular FLT, CHR and BBF). These results indicate that there is a 
common source for the production of these PAHs, proposed to be diesel engine emissions [52]. 
Cluster 2 consisted of NAP, ACY, PYR, BAP and BGP, with close associations with ACE, FLU and 
DBA. ANT appeared to have no close associations, consistent with the PCA loading plot. Clusters 1 
and 2 are linked at a cluster distance level of 11, indicating that they are probably from similar 
sources, such as vehicular emission sources but with variations arising in whether they came from 
petrol or diesel engines [147].  
 
 
Figure 59: HCA dendrogram using average linkage between groups for Sports Lane dust samples for 
size fraction 63µm 
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SOURCE IDENTIFICATION  
This study identified a range of PAH concentrations in car park dust samples collected from three 
QUT parking facilities. The major sources are most likely in this study due to vehicle emissions from 
petrol/diesel engines. In addition, the release of PAHs into natural environments is mainly governed 
by anthropogenic activities[148] and, to a much lesser extent, by natural events, such as forest fires 
[149]. 
Polycyclic aromatic hydrocarbon compounds present in petrol or pyrolysis can be classified based on 
their composition, into high molecular weight (HMW) hydrocarbons and low molecular weight 
(LMW) hydrocarbons. Beliaeff et al [150] indicated that petrogenic PAHs are generally predominated 
by LMW with two or three aromatic rings, while pyrogenic PAHs typically contain higher portions of 
higher molecular weight compounds with four and five rings. Main sources of PAHs in the 
environment are the production, transport and use of fossil fuels (petrogenic PAHs) and the 
incineration of organic materials, for example,fossil fuels, wood and waste (pyrogenic PAHs) [150]. 
Petrogenic sources consist of unburned crude oil and its derivatives, such as diesel fuel, gasoline, 
lubricating oil, and asphalt [57]. Pyrogenic PAHs comprise of the products of incomplete combustion 
of organic matter, such as the combustion of fossil fuel, vehicular engines combustion, garbage 
incinerators, and coal combustion [151]. 
 
Dong and Lee [152] reported that vehicular emissions are generally one of the principal 
anthropogenic sources of PAHs. In urban areas, vehicular emissions are often significant factors for 
PAH levels with additional local contributors such as industrial emissions [153, 154]. Miguel et al., 
[143] reported that diesel vehicles were the major source of lower molecular weight PAHs, such as 
FLT, PYR, and BAA, whereas petrol vehicles were the dominant sources of higher molecular weight 
PAHs, such as  BAP, BGP, IND, and DBA.  
 
Rajput and Lakhani  [155] reported that petrol and diesel powered combustion in vehicles produces 
PAHs such as BBF and BAP. BGP and IND have been reported as the marker for gasoline vehicle 
emissions, while PHE and FLT are markers of diesel vehicle emissions [152]. BAA, FLU, PYR BAP 
and BGP have been reported to be produced from diesel and traffic emissions [76, 156, 157]. BBF, 
FLT, PYR, FLU and IND have also been reported as indicators of oil combustion [138].  
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POLYCYCLIC AROMATIC HYDROCARBON CONCENTRATIONS AT THE 3 
SAMPLING SITES 
 
The distribution of PAH concentrations in the dust samples in this study have been determined to be 
sourced from traffic emissions. The range of PAH concentrations found in car park composite dust 
samples from the Under Freeway parking area was significantly greater than concentrations found in 
P block basement level and Sports Lane composite dust samples. The range of PAH concentrations 
for dust samples collected from the different parking areas ranged from 0.1–1799.70µg.kg-1 at the 
Under Freeway site, 0.2–1176.90µg.kg-1 at the B level site to 0.1–302.84µg.kg-1 at the Sports Lane 
site. Samples collected from the Under Freeway parking facility has an increased volume of traffic in 
the vicinity (situated below the Riverside Expressway), which increases the probability of vehicle 
emissions depositing on dust samples.  
 
The semi-enclosed design of the Under Freeway parking area also means that the 
degradation/evaporation of PAHs is lower than the open design of the Sports Lane parking facility 
which is directly exposed to rain, wind and sun. This exposure to the elements resulted in the Sports 
Lane dust samples showing a significant increase in the number of PAH analysed below detection 
limits, while others were approaching this limit. The highest PAH concentration observed at the 
Sports Lane parking area was fluoranthene (FLT) with a concentration of 289.4µg.kg-1. 
 
PAH concentrations observed in roadside samples from Shanghai city [158], ranged between 10.6 and 
1110µg.kg-1, however as they were collected from roadsides of major highways and crossroads it is 
expected that some degradation/evaporation had occurred (Table 25). High PAH concentrations were 
obtained at the Under Freeway sampling site in weeks 3 for the 212µm size fraction only (FLT, PYR, 
CHR, BBF, BGP ranged between 1353.9 to 1799.70µg.kg-1) (Appendix 7B1). This size fraction is not 
in the sub-micrometre size range and is therefore not considered to be at a risk of exposure through 
inhalation for humans. It should also be noted that, in the remaining weeks the maximum PAH 
concentration observed was 911.9 and 817.1µg.kg-1 for PYR and CHR respectively (week 4, 
Appendix 7B2), with an average concentration across all PAH compounds analysed of 95.96 µg.kg-1. 
These values are  considerably lower than values obtained for Shanghai road dusts  [158].  
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In this study, very low values of NAP for all sites was obtained compared with other studies 
conducted in a number of Chinese cities [140, 158, 159] and in South Korea [160]. The average 
concentration of NAP across all sites and size fractions was 23.64µg.kg-1, with only 5 instances out of 
73 where the concentration exceeded 100µg.kg-1. The measured concentration of PHE in Urumqi city 
(2756.7µg.kg-1) [48, 159] was significantly higher than concentrations found in this study (maximum 
of 306.6 µg.kg-1 across all sites and size fractions). Overall, the concentrations of PAHs found in this 
study were considerably lower than those found in other major cities.  
 
The 15 identified PAHs were separated into groups according to the number of aromatic rings: the 2-
ring PAH group includes NAP and BNAP; the 3-ring PAH group includes ACY, ACE, FLU, PHE 
and ANT; the 4-ring PAH group includes FLT, PYR, BAA and CHR; the 5-ring PAH group includes 
BBF, BAP and DBA and the 6-ring PAH group includes BGP and IND. At all sites, the fraction of 2-
ring PAHs was not significant because NAP is easily vaporised during sampling and drying processes. 
The fractions from 3–6 ring PAHs at all sites had the highest levels of concentration.  
 
Principal component analysis (PCA) was applied to infer PAH groups and identify sources. Common 
PC1 and PC2 loadings were observed for all sampling sites, with groupings of PAHs that indicate that 
petrol and diesel vehicle emissions are the most likely sources of PAH. PC1 had high loadings for 
NAP, ACY, ACE, IND, DBA and BGP, while PC2 had high loadings for ANT, FLU, PYR, CHR, 
BBA and BAP.  
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Table 25: Concentrations of PAHs in other studies in China and South Korea 
PAHs 
China China China South Korea 
Shanghai (1000µm) 
Urumqi 
(149µm) 
Hangzhor (1000µm) (841µm) 
NAP 57.8 923.4 7.65 24 
ACY 10.6 341.2 1.73 2.1 
BNAP nd nd nd nd 
ACE 69.3 132.7 5.44 1.5 
FLU 113 595.5 16.69 3.6 
PHE 672 2756.7 100.51 20.5 
ANT 177 289.6 34.9 7.5 
FLT 1110 929.3 153.81 33.7 
PYR 892 1275.7 164.23 26 
BAA 726 78.5 108.4 18.6 
CHR 760 98.8 123.89 14.6 
BBF 493 7.6 76.97 31.8 
BAP 321 192.05 38.52 16.3 
IND 307 2.6 32.05 12.2 
DBA 64.7 2.3 9.88 3.2 
BGP 307 2.6 32.05 12.4 
 
References 
Jiang et al., [158] Chen et al., [159] Yu et al., [140] Nam et al., [160] 
nd= did not determine  
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For the analysis of PAHs emission sources using diagnostic ratios in the present work, the following 
diagnostic ratios were selected: FLU/ (FLU+PYR), IND/(IND+BGP), PHE/(PHE+ANT), 
FLT/(FLT+PYR), BAA/ (BAA+CHR) and BAP/BGP. Table 26  presents a comparison of mean 
diagnostic ratios of PAH in QUT samples and other sites ( e.g. Sapucaia do Sul and Canoas[161]). 
Previous reports have estimated that, in urban areas, the major emission sources of PAHs originated 
from vehicular traffic [57]. 
 
The first of these ratios has constant values around 0.5, in accordance with the characteristic values 
(0.4–0.5), confirming the expected influence of car emissions. FLT/ (FLT+PYR) ratio was 0.3-0.4, 
compared with Sapucaia do Sul and Canoas were 0.71 and 0.75 respectively, values within the range 
reported by another Study (> 0.5) indicating emissions from combustions [161].  IND/(IND+BGP) 
ratio and PHE/(PHE+ANT) ratio were high in this study compared with other studies. The literature 
reported values of IND/(IND+BGP) ratio  were 0.56 and 0.62 for coal, wood burning  and diesel –
engines, respectively [1]. The diagnostic ratio PHE/ (PHE+ANT) has been used to identify petrogenic 
hydrocarbons, values >0.7 are typically associated with lubricant oils and fossil fuels [162]. 
 
The 4 ring PAH indicator ratio FLT/(FLT+PYR) was used in this study, where a ratio < 0.4 suggests 
petrogenic sources, 0.4-0.5 indicates fossil fuel combustion and > 0.5 shows grass, wood and coal 
combustion sources [161]. The majority of FLT/ (FLT+PYR) value in Table 26 was lower than 0.4, 
indicating that most of sampled PAH had petrogenic sources. BAA/ (BAA+CHR ) ratio was 0.53 and 
0.44 for Sapucaia do Sul and Canoas, respectively, and these values are within the limits of the study 
by Agudelo-Castañeda and Teixeira[1] revealing strong influence of combustions, gasoline and diesel. 
The results of the BAA/ (BAA+CHR) ratios in this study show that most of the values obtained were 
in the range of 0.3-0.5, thus indicating diesel emissions. 
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Table 26: Comparison of mean diagnostic ratios of PAHs 
PAH ratios 
This 
study 
Metropoplition 
Area of Porto  Value 
range 
source Reference 
Sapucaia 
do sul 
Canoas 
FLU/ (FLU+PYR) 0.01-0.06 0.28 0.32 
< 0.5 Petrol emissions 
Ravindra et [76]al 
> 0.5 Diesel emissions 
IND/(IND+BGP) 0.1-0.9 0.45 0.44 
0.35-0.70 Diesel -engines Agudelo-
Castañeda, and 
Teixeira [1] 
0.56 Coal 
0.62 Wood burning 
PHE/(PHE+ANT) 0.1-0.9 0.61 0.64 > 0.7 
Lubricant oils and 
fossil fuels 
Alves et al[162] 
FLT/(FLT+PYR) 0.3-0.4 0.7 0.75 
< 0.4 Petrogenic 
De La Torre-
Roche et al [161] 
0.4-0.5 Fossil fuel combustion 
> 0.5 
Grass, wood, coal 
combustion 
BAA/(BAA+CHR) 0.3-0.5 0.53 0.44 
< 0.2 Petrogenic Yunker et al 
[163] 
Akyüz and 
Çabuk[164] 
0.2-0.35 coal combustion 
> 0.35 Vehicular emissions 
> 0.35 combustion 
0.48 Coal/coke combustion 
Agudelo-
Castañeda, and 
Teixeira [1] 
0.46 Wood combustion 
0.33-0.38 Gasoline 
0.38-0.65 Diesel 
BAP/BGP 0.2-0.3 0.83 0.16 
< 0.6 Non-traffic emissions Katsoyiannis et al 
[165] > 0.6 Traffic emissions 
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The development and establishment of toxic equivalency factors (TEFs) regarding PAHs could aid in 
the precise characterisation of the carcinogenic properties of PAH mixtures[166]. The toxicity of each 
PAH was assessed on the basis of its Benzo (a) pyrene  toxicity equivalent (BAPeq). In this research,   
the toxic benzo[a]pyrene equivalent was calculated for different sites at QUT (B level, Under freeway 
and Sports Lane) based on the measured concentrations of the individual PAH compounds. The list of 
TEFs in (Appendix 8) compiled by Nisbet and LaGoy was used to calculate the toxic equivalency 
factors (TEFs) for PAHs by using this equation that can be written as follows: 
 
Equation 1: BAPeq 
BAPeq  = (Ci * TEFi)                
 Where the BAPeq is the BAP toxic equivalent of the identified PAHs, Ci is the concentration of the 
PAH and TEFi is the toxic equivalent factor for the PAH. 
 
Table 27 indicated that the TEF of PAH in different sites at QUT (B level, Under Freeway and Sports 
Lane) in terms of BAP equivalent factors. The highest total BAP equivalent are indicated in both B 
level and under freeway sampling sites possibly  due to more  traffic at these sites.  Moreover, the 
lowest total BAP equivalent is found in Sports Lane sampling site possibly due to less traffic roads.  
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Table 27: BAP toxic equivalency factors (TEFs) in QUT sites (all values in µg.kg-1) 
site B level site 
Under freeway site Sports Lane  site 
212µm 106 µm 63 µm 212µm 106 µm 63 µm 
NAP 0.0275 0.0233 0.0284 0.0809 0.0071 0.0074 0.0180 
ACY 0.0141 0.0107 0.0141 0.0421 0.0037 0.0039 0.0075 
ACE 0.0032 0.0035 0.0031 0.0026 0.0029 0.0022 0.0021 
FLU 0.0081 0.0038 0.0065 0.0045 0.0018 0.0026 0.0040 
PHE 0.1234 0.1285 0.1435 0.1197 0.0178 0.0311 0.0544 
ANT 0.1111 0.2436 0.2230 0.1749 0.9042 0.9491 0.9695 
FLT 0.1665 0.3079 0.2794 0.2002 0.0188 0.0426 0.0701 
PYR 0.3247 0.3631 0.3824 0.3431 0.0289 0.0244 0.0753 
BAA 9.7371 19.0592 14.6108 11.6809 1.2529 2.8430 4.1400 
CHR 2.0869 2.3483 1.4463 1.8979 0.1193 0.1863 0.7619 
BBF 15.8342 18.2955 7.9263 11.3135 1.0777 1.2409 5.6280 
BAP 119.6529 113.1710 59.9960 71.0492 4.8886 8.2770 31.2500 
IND 7.3229 11.5667 8.1675 7.1318 18.0076 13.1763 2.2590 
DBA 28.8143 32.7167 18.0083 19.5727 3.0358 4.5700 7.5500 
BGP 3.5156 2.3858 2.1508 2.0047 0.1736 0.4400 0.9335 
Total BAP 
Equivalent 187.7423 200.6274 113.3865 125.6187 29.5407 31.7969 53.7232 
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Heavy metal and PAHs emissions from car park dust have been related to location design of the car 
parks. The concentration levels of some metals were high in the Under Freeway site compared with 
those values obtained in other sites. Concentrations at the Under Freeway sampling area were high for 
all elements, excluding Ni, which was below the method detection limit.  The high concentrations of 
these elements are probably due to large emissions from automobiles (brakes and vehicle exhaust). 
Two different types of metals were found in the car park dust samples from the three sites. Some 
elements show high frequencies with low concentrations such as Na, Zn, Co, Ni, Cr, Cd, Ba and Pb, 
whereas others like Al, Ca,  Mg  and Fe have high level of concentrations and low frequencies.  
 
The highest concentrations of PAHs were for pyrene, fluoranthene, benzo(g.h.i) perylene, chrysene, 
benz(a)anthracene, benzo(b)fluoranthene , phenanthrene, benzo(a)pyrene, while the lowest were for 
naphthalene, acenaphthylene, acenaphthene, fluorene, anthracene and dibenzo(a.h)anthracene. The 
obtained results showed that indeno(1.2.3.cd) pyrene were below detection limit.   
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS  
FOR FUTURE RESEARCH 
 
Conclusion 
This study was initiated to assess the level of pollutants (heavy metals and PAHs) in car park dust 
samples collected from three different car parks at QUT campuses in Brisbane, Australia. The 
Principal component analysis (PCA) and Hierarchical clustering analysis (HCA) were applied to the 
heavy metals and PAHs data in order to better understand their emission characteristics. Moreover, 
diagnostic ratios are used to identify the sources of PAHs and toxic equivalency factors (TEFs) were 
used to know  the level of toxicity of PAHs in these locations. 
 
The concentration of heavy metals and PAHs found across the three sites were found to be less than 
previous studies performed on road dusts, as well as being lower that the maximum exposure levels to 
humans. The highest concentration of pollutants was typically found for the 63µm dust samples, 
proposed to be due to increased surface areas and thus available adsorption sites. In this study, the 
main contributing source for heavy metals was identified to be from vehicle debris and emissions, 
while the source of PAHs was identified to be from petrol and diesel engine vehicle emissions.  The 
Under Freeway parking area was found to have the highest metal and PAH concentrations, proposed 
to be due to the high volume of traffic that uses the Riverside Expressway that is located directly 
above the parking facility. The semi-enclosed design of the car park allowed pollutants to accumulate, 
as there was limited influence from rain and wind on the samples. 
 
 The open design of the Sports Lane parking facility meant that dust particles were subjected to all 
weather conditions, which was found to not only reduce the amount of dust available for collection 
but also the concentration of pollutants. This was particularly clear in the PAH study, which showed 
minimal concentrations of PAHs due to degradation and evaporation when exposed to the natural 
elements. The B level car park undergoes a daily cleaning regime, so it is not unexpected that the 
concentration of pollutants was also quite low, however due to the fully enclosed design of the 
parking facility (not influenced by weather conditions), relatively significant concentrations of 
pollutants were detected in dust samples. The analysis identified some sources for heavy metals and 
PAHs such as vehicular emissions and petrol emissions. 
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Recommendations for further research 
 
This research determined the level of pollutants in car park areas based on traffic and design of the 
parking facilities. The research study has identified a number of issues that requires further 
investigation to enhance the practical application of this knowledge: 
 
• Further investigations need to be undertaken on the surface properties and morphology of 
particles contained within the road dust samples to establish the adsorption mechanisms of 
pollutants, as well as determine particle compositions and types that enhance adsorption.  
 
• Further investigation of the spatial distribution of pollutants by deposition sampling at 
different car parks inside and outside QUT, as well as deposition sampling at different 
distances from critical sources such as highways and crossroads. 
 
• Samples used in this study were collected once a week at the same time of day; future studies 
should conduct daily sample collections or collection of samples at varying times of the day 
to see if there are peak times when deposition of pollutants occurs.  
 
• Further investigations need to use more relationships  to link local emissions to  the pollutants 
deposited in the dust and also study  more car parks inside Brisbane city in order to  compare 
them. 
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APPENDICES 
Appendix 1:  Photos of car park sampling sites  
A: B level site (P block, basement level parking, Gardens Point campus) 
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B: Under Freeway car park (Gardens Point campus) 
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 C: Sports Lane car park (Kelvin Grove campus) 
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Appendix 2:  Maps showing the location of samples each week for all sites 
A: B level carpark bays sampled (P block, Basement level parking, Gardens Point campus) 
 
 
Week 1 Week 2   Week 3 ▲ Week 4 ◆ Week 5 ◘ Week 6  ◙ Week 7  Week 8  
Week 9   Week 10  Week 11 ★ Week 12  Week 13   Week 14   Week 15  
Week 16  
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B: Under Freeway carpark bays sampled (Gardens Point campus) 
Week 1 Week 2   Week 3 ▲ Week 4 ◆ Week 5 ◘ Week 6  ◙ Week 7  Week 8  
Week 9   Week 10  Week 11 ★ Week 12  Week 13   Week 14   Week 15 Week 16  
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Week 1 Week 2   Week 3 ▲ Week 4 ◆ Week 5 ◘ Week 6  ◙ Week 7  Week 8  
Week 9   Week 10  Week 11 ★ Week 12  Week 13   Week 14   Week 15  
Week 16  
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C: Sports Lane carpark bays sampled (Kelvin Grove campus) 
 
Week 1 Week 2   Week 3 ▲ Week 4 ◆ Week 5 ◘ Week 6  ◙ Week 7  Week 8  
Week 9   Week 10  Week 11 ★ Week 12  Week 13   Week 14   Week 15 Week 16  
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Week 1 Week 2   Week 3 ▲ Week 4 ◆ Week 5 ◘ Week 6  ◙ Week 7  Week 8  
Week 9   Week 10  Week 11 ★ Week 12  Week 13   Week 14   Week 15  
Week 16  
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Appendix 3: Weekly composite sample weights from all locations (g)   
 
Week B level  Under Freeway Sports Lane 
1 2.45 57.06 39.64 
2 2.78 57.23 64.49 
3 1.91 69.88 53.03 
4 4.14 44.92 42.56 
5 2.59 58.15 56.91 
6 * 45.70 22.13 
7 0.86 * 97.85 
8 1.92 49.16 64.75 
9 0.41 47.72 60.57 
10 0.14 58.04 48.87 
11 2.13 27.62 27.38 
12 * 35.06 23.30 
13 1.08 48.82 * 
14 * 43.13 23.92 
15 * 50.57 * 
*Did not collect sample for that week due to unforeseen circumstances 
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Appendix 4: Results of elements analysis (all results in mg.kg-1) 
A: B level site (P block, Basement level parking, Gardens Point) 
 
Week Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb 
1 5.63 5.98 22.26 31.34 0.83 0.54 36.36 0.02 0.10 1.33 4.29 8.00E-04 0.87 0.08 
2 10.33 9.14 45.85 82.50 0.50 0.66 49.62 0.02 0.10 1.13 7.60 2.00E-03 3.20 0.15 
3 9.32 6.74 29.15 41.79 0.59 0.54 39.93 0.02 0.08 2.61 7.35 1.40E-03 1.01 0.12 
4 15.83 21.54 107.84 96.34 0.88 2.52 137.83 0.06 0.65 31.92 18.21 2.80E-03 1.98 0.70 
5 6.37 10.49 46.35 65.76 0.47 1.02 57.41 0.02 0.17 6.82 8.91 1.30E-03 1.23 0.25 
7 1.49 2.21 10.98 10.57 0.15 0.16 12.03 4.00E-03 7.30E-03 0.12 1.11 2.52E-04 0.24 0.02 
8 1.22 0.42 1.58 2.25 0.01 0.03 2.34 7.10E-04 3.59E-03 0.05 0.20 4.51E-05 0.04 0.00 
9 0.74 0.72 2.47 8.27 0.02 0.05 3.57 8.51E-04 3.09E-03 0.03 0.19 2.00E-03 0.11 0.01 
10 0.40 0.44 1.78 6.20 0.02 0.03 2.38 1.02E-02 1.93E-03 0.03 0.16 1.14E-04 0.04 0.01 
11 17.98 4.92 19.02 56.95 0.99 0.48 59.45 0.03 0.56 2.49 2.31 4.00E-03 0.87 0.13 
13 3.05 3.42 14.74 25.52 0.26 0.30 29.49 0.02 0.14 1.10 2.94 2.00E-03 0.66 0.08 
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 B: Under Freeway site (Gardens Point) 
B1: fraction 212µm  
Week Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb 
1 30.88 69.78 349.69 213.56 1.41 6.92 387.83 0.18 0.20 3.31 26.43 8.00E-03 4.67 2.96 
2 21.52 71.92 359.61 214.14 2.10 7.00 422.34 0.19 0.39 2.44 17.78 8.20E-03 4.04 3.44 
3 22.80 73.63 356.56 320.77 1.38 6.48 440.44 0.19 0.43 2.26 18.33 6.50E-03 4.66 3.08 
4 18.08 43.86 234.45 179.21 0.77 4.58 263.83 0.12 0.20 2.94 21.39 4.50E-03 3.16 2.00 
5 29.78 69.71 338.92 360.39 1.22 5.89 364.63 0.18 0.35 4.34 19.36 7.30E-03 4.40 3.48 
6 16.83 47.45 231.81 164.29 2.06 4.40 278.41 0.12 0.27 2.84 15.32 3.80E-03 2.59 2.60 
8 21.29 59.84 301.17 219.70 0.84 6.65 352.17 0.23 0.29 3.10 19.76 5.70E-03 3.84 5.47 
9 25.17 57.85 289.27 197.46 1.23 5.36 328.86 0.15 0.28 2.82 16.02 5.90E-03 3.50 3.88 
10 24.18 57.21 281.92 167.36 1.13 5.11 306.84 0.13 0.39 4.01 15.07 5.70E-03 3.18 3.43 
11 10.88 27.68 133.77 90.29 1.05 2.51 154.68 0.07 0.30 1.84 6.68 2.90E-03 2.47 1.65 
12 29.48 74.43 381.60 250.09 1.36 6.36 420.78 0.20 0.50 5.15 24.79 8.00E-03 5.03 4.46 
13 14.41 49.77 255.75 140.10 1.09 5.19 306.38 0.13 0.28 2.47 10.76 4.40E-03 2.83 2.42 
14 29.69 104.74 524.81 318.25 2.49 9.47 599.66 0.24 1.86 3.76 27.46 4.55E-02 6.80 4.64 
15 10.85 54.94 268.68 154.00 1.25 5.46 331.16 0.13 0.27 2.76 10.77 4.40E-03 2.75 2.07 
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B2: fraction 106µm 
Week 
 
Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb 
1 37.02 83.01 405.95 286.94 1.76 7.93 455.04 0.26 0.50 4.22 25.54 8.80E-03 5.40 3.83 
2 22.84 63.94 324.33 214.61 1.57 6.25 363.76 0.19 0.40 3.23 17.80 7.30E-03 4.02 2.98 
3 26.38 78.76 371.69 311.89 1.33 6.59 412.57 0.19 0.43 2.35 23.39 7.10E-03 4.63 3.29 
4 21.69 55.68 281.05 201.19 1.38 6.31 362.50 1.28 0.49 3.17 30.32 7.40E-03 3.46 2.37 
5 39.03 95.32 466.91 448.85 2.05 8.13 488.42 0.26 0.67 3.34 27.78 1.04E-02 6.09 4.94 
6 28.41 64.52 309.33 253.44 1.28 5.90 354.36 0.18 0.48 2.77 21.40 7.90E-03 4.09 3.28 
8 24.20 64.80 322.00 242.91 1.42 5.80 351.06 0.18 0.39 2.95 23.07 7.40E-03 4.02 2.46 
9 25.81 56.04 276.79 193.33 1.08 5.16 302.32 0.15 0.29 2.50 19.86 6.90E-03 4.16 3.47 
10 30.97 74.21 340.68 234.12 1.84 6.88 411.16 0.19 0.60 3.00 19.13 7.10E-03 3.87 4.21 
11 25.77 59.67 296.20 199.19 1.18 5.67 333.07 0.16 0.40 3.00 17.17 7.20E-03 3.58 3.77 
12 14.98 39.92 200.32 141.33 1.19 3.78 240.55 0.11 0.27 2.14 12.31 4.20E-03 2.83 2.38 
13 18.84 55.36 283.92 180.49 1.50 5.61 323.07 0.14 0.38 2.87 17.25 6.20E-03 3.26 3.12 
14 8.24 29.07 145.79 88.59 0.49 2.75 163.24 0.10 0.16 1.08 7.19 4.40E-03 1.78 1.37 
15 14.83 61.60 292.54 180.82 1.40 6.34 359.17 0.15 0.68 2.39 15.45 6.30E-03 3.71 2.83 
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B3: fraction 63µm 
Week Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb 
1 41.12 91.98 463.85 362.77 1.57 8.92 514.83 0.30 0.39 3.23 24.64 9.90E-03 6.09 4.17 
2 45.27 118.74 629.49 448.04 2.18 12.16 697.79 0.42 0.70 3.97 30.06 1.40E-02 7.59 5.79 
3 38.87 114.87 568.87 605.78 1.92 10.34 621.75 0.34 0.64 3.66 28.72 1.13E-02 7.29 5.05 
4 67.14 154.32 809.60 701.11 2.96 14.71 864.76 0.66 1.03 6.94 54.11 1.83E-02 9.87 7.16 
5 25.40 68.18 340.09 378.75 1.19 6.02 357.12 0.23 0.47 2.87 17.33 6.30E-03 4.32 3.31 
6 19.93 46.83 234.31 220.14 0.84 4.37 267.07 0.15 0.29 2.14 14.11 9.70E-03 3.13 2.34 
8 23.33 64.47 324.53 274.08 1.27 6.25 365.29 0.21 0.37 2.71 19.88 7.00E-03 4.39 2.77 
9 29.83 72.24 376.53 286.72 1.44 6.93 416.03 0.27 0.36 2.97 24.00 8.50E-03 5.33 5.03 
10 59.30 139.55 687.90 445.01 2.56 13.46 774.17 0.39 0.88 5.10 33.84 1.43E-02 8.39 9.39 
11 8.47 19.90 101.92 67.50 0.39 1.91 112.35 0.06 0.13 0.81 4.82 2.00E-03 1.27 1.20 
12 0.57 1.65 8.18 7.22 0.04 0.17 11.03 0.00 0.01 0.07 0.52 1.00E-04 0.13 0.12 
13 31.63 85.67 452.09 287.01 2.05 8.84 511.35 0.26 0.56 3.54 23.46 1.01E-02 5.60 5.29 
14 15.94 53.71 279.72 180.07 1.04 5.38 319.75 0.17 0.33 1.88 12.93 7.90E-03 3.30 2.98 
15 17.48 64.61 326.32 211.59 1.60 6.49 380.91 0.20 0.52 2.53 17.16 6.90E-03 4.06 3.85 
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C: Sports Lane site (Kelvin Grove) 
C1: fraction 212µm 
Week Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb 
1 2.78 104.50 200.23 121.79 1.73 3.59 225.81 0.12 0.28 1.50 2.17 1.04E-03 2.01 0.18 
2 4.73 156.90 304.56 169.99 4.55 5.79 318.32 0.19 0.56 0.89 4.71 3.01E-03 3.89 0.27 
3 2.81 99.56 200.45 133.85 4.11 3.54 216.97 0.12 0.33 1.96 1.86 1.28E-03 2.14 0.17 
4 2.20 86.48 177.39 105.22 2.03 3.47 195.69 0.11 0.36 0.33 2.31 1.78E-03 1.60 0.16 
5 2.10 103.33 206.94 131.59 1.87 3.45 214.73 0.11 0.37 0.41 1.91 6.70E-04 1.77 0.11 
6 0.97 38.75 80.21 50.62 1.41 1.52 90.74 0.05 0.14 0.14 0.86 5.20E-04 0.78 0.08 
7 6.06 283.33 531.88 301.49 4.99 9.42 547.46 0.33 0.99 1.40 5.75 3.37E-03 6.62 0.34 
8 2.78 131.67 245.25 148.62 2.43 4.43 274.62 0.14 0.36 0.57 2.16 1.30E-03 1.83 0.13 
9 2.35 99.67 207.20 137.53 1.80 3.79 231.62 0.11 0.28 0.53 1.58 1.18E-03 2.09 0.12 
10 1.45 68.25 150.03 103.03 1.14 2.47 172.69 0.07 0.18 0.28 1.11 6.20E-04 1.00 0.06 
11 0.36 18.01 37.99 28.82 0.31 0.75 44.83 0.03 0.06 0.09 0.20 1.30E-04 0.19 0.02 
12 0.37 16.98 33.40 24.00 0.49 0.67 36.95 0.02 0.06 0.06 0.23 1.40E-04 0.18 0.01 
14 0.53 16.35 34.62 24.42 0.57 0.76 45.44 0.02 0.06 0.07 0.21 1.30E-04 0.21 0.02 
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C2: fraction 106µm 
Week Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb 
1 1.15 47.86 94.25 59.88 1.00 1.75 104.36 0.06 0.15 0.37 0.95 6.00E-04 0.95 0.06 
2 3.67 106.48 212.17 123.38 3.10 3.77 218.48 0.15 0.37 0.71 3.38 2.50E-03 2.13 0.21 
3 1.81 57.16 122.23 83.90 3.04 2.15 131.67 0.07 0.20 0.46 1.86 1.10E-03 1.14 0.13 
4 1.73 62.12 142.04 91.01 1.98 2.76 153.27 0.08 0.24 0.54 2.15 1.50E-03 1.43 0.17 
5 2.27 62.12 145.09 92.06 1.64 2.58 150.57 0.11 0.25 0.66 2.96 1.60E-03 1.29 0.20 
6 0.46 18.49 42.85 30.14 0.59 0.78 46.69 0.03 0.08 0.22 0.53 4.00E-04 0.30 0.06 
7 4.16 198.76 384.88 224.36 3.40 6.89 399.81 0.23 0.79 1.65 5.43 3.00E-03 3.64 0.34 
8 2.05 98.57 204.59 129.02 1.77 3.52 210.74 0.12 0.34 0.54 2.60 1.40E-03 1.66 0.15 
9 1.01 41.81 104.43 80.64 1.04 1.86 112.33 0.05 0.13 0.24 1.15 8.00E-04 0.75 0.17 
10 0.50 24.37 65.70 54.35 0.99 1.21 74.24 0.04 0.09 0.27 0.58 8.00E-04 0.35 0.04 
11 0.14 5.15 13.66 11.84 0.15 0.28 16.18 0.01 0.02 0.17 0.17 9.58E-05 0.08 0.02 
12 0.09 4.00 9.00 7.27 0.08 0.16 9.96 0.00 0.01 0.04 0.08 4.23E-05 0.04 0.01 
14 0.15 7.01 19.09 17.03 0.19 0.36 22.31 0.01 0.03 0.06 0.14 1.20E-04 0.12 0.02 
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C3: Fraction 63µm 
Week Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb 
1 3.41 72.44 173.36 118.25 1.42 3.05 189.43 0.12 0.27 0.85 3.12 5.01E-03 1.44 0.18 
2 9.25 217.92 507.96 299.41 7.05 8.20 519.97 0.28 0.78 1.64 8.78 6.10E-03 4.40 0.53 
3 3.21 55.60 150.19 100.19 4.26 2.68 162.68 0.12 0.25 0.67 3.10 1.60E-03 1.61 0.23 
4 5.26 90.22 246.54 142.63 3.36 4.44 257.82 0.14 0.36 1.02 5.48 3.60E-03 2.56 0.36 
5 1.77 82.37 164.88 107.62 1.47 2.97 173.18 0.10 0.29 0.46 2.23 1.10E-03 1.43 0.13 
6 1.05 19.05 50.21 32.68 0.78 0.97 52.40 0.04 0.09 0.20 1.13 6.00E-04 0.48 0.09 
7 6.91 230.37 565.19 334.11 4.55 8.88 578.23 0.28 0.86 1.97 7.82 5.00E-03 4.20 0.58 
8 4.00 141.57 365.66 247.48 3.00 5.90 389.45 0.21 0.50 1.89 5.34 2.80E-03 2.68 0.39 
9 2.29 52.29 126.87 81.59 2.33 2.38 138.05 0.08 0.23 0.60 2.55 1.60E-03 1.20 0.24 
10 0.78 15.54 45.14 34.33 1.01 0.90 51.75 0.03 0.06 0.22 0.94 6.00E-04 0.38 0.07 
11 0.08 1.94 5.23 4.49 0.05 0.11 6.45 0.00 0.01 0.03 0.10 5.38E-05 0.04 0.01 
14 0.06 1.97 6.01 5.56 0.08 0.10 7.17 0.00 0.01 0.03 0.06 5.17E-05 0.04 0.01 
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Appendix 5: PCA results (PC1 and PC2) based on dust elemental concentrations  
A: B level site (P block, Basement level parking, Gardens Point) 
 
Membership Components PC1 
 
Membership Components PC2 
0.0
0.2
0.4
0.6
0.8
1.0
Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb
R
ot
at
ed
 C
om
po
ne
nt
s 
M
at
ri
x 
 
Elements  
0.0
0.2
0.4
0.6
0.8
1.0
Na Mg Al Ca Cr Mn Fe Co Ni Cu Zn Cd Ba Pb
R
ot
at
ed
 C
om
po
ne
nt
s 
M
at
ri
x 
Elements  
  148 
B: Under Freeway site 
 
Membership components PC1 
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Appendix 6: Normalised concentrations of elements analysed for in composite samples  
A: Normalised concentrations of elements analysed in Under Freeway dust samples 
A1: 212µm size fraction 
 
A2: 106µm size fraction 
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B: Normalised concentrations of elements analysed in Sports Lane dust samples 
B1: 212µm size fraction 
 
B2: 106µm size fraction 
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Appendix 7: Results of PAHs analysis (all results in µg.kg-1) 
A: B level site (P block, Basement level parking, Gardens Point) 
 
Week NAP ACY BNAP ACE FLU PHE ANT FLT PYR BAA CHR BBF BAP IND DBA BGP 
1 5.30 1.80 0.20 0.30 0.60 5.80 1.30 9.50 22.00 5.70 14.20 10.30 6.80 4.00 1.80 16.40 
2 10.30 5.50 ND 0.20 0.70 13.60 3.10 18.80 40.50 8.30 20.10 10.00 10.50 6.40 3.20 29.60 
3 7.74 5.86 ND 10.40 23.80 348.50 5.75 493.80 1154.30 297.40 793.90 593.30 449.50 249.10 124.20 1176.90 
4 80.60 35.80 ND 5.40 13.90 188.30 31.70 237.70 527.70 106.50 339.40 263.50 182.50 102.70 45.20 493.30 
5 72.80 37.90 ND 3.00 9.60 152.00 5.75 186.90 398.20 83.60 211.40 160.90 138.20 93.80 3.60 501.50 
8 ND 5.86 ND 1.30 3.20 36.80 7.60 54.80 127.00 36.20 73.70 64.20 43.50 21.80 9.10 87.90 
13 ND 5.86 ND 1.50 4.90 118.50 22.60 164.20 2.90 143.90 8.11 6.19 6.57 34.80 14.60 155.30 
ND = not detected 
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B: Under Freeway site (Gardens Point) 
B1: Fraction 212µm 
Week NAP ACY BNAP ACE FLU PHE ANT FLT PYR BAA CHR BBF BAP IND DBA BGP 
1 2.20 0.60 0.10 0.10 0.20 2.20 0.50 3.50 5.60 1.20 3.50 2.60 1.20 1.00 0.30 3.00 
2 6.20 2.00 3.34 0.20 0.40 6.80 1.40 9.80 16.30 3.00 8.50 4.70 2.80 2.40 0.80 7.40 
3 126.9 45.80 4.00 14.60 4.00 482.0 81.90 1531.2 1708.5 791.6 1799.70 1541.9 938.7 785.7 324.7 1353.9 
5 75.70 34.40 3.34 4.99 11.60 167.7 31.90 308.4 443.3 152.9 380.00 178.3 183.1 192.4 8.80 433.3 
6 14.20 4.30 0.20 1.40 2.30 30.10 5.90 68.30 108.0 31.00 76.60 55.00 27.60 20.20 7.50 53.00 
8 ND ND ND 1.90 4.80 74.40 17.60 160.4 214.1 78.00 168.00 86.30 80.40 60.80 3.50 117.6 
9 ND ND ND 1.90 4.70 78.40 16.90 111.7 204.0 51.50 8.11 6.19 6.57 38.60 1.70 107.3 
10 ND ND ND 2.30 5.90 104.6 19.20 176.6 306.1 163.8 8.11 6.19 6.57 39.20 13.10 120.9 
11 ND ND ND 4.99 1.40 180.2 33.00 389.8 666.8 297.4 341.10 295.7 91.40 80.20 4.20 226.6 
12 ND ND ND 4.00 9.10 174.2 34.50 377.7 667.4 308.6 8.11 6.19 6.57 72.20 23.70 201.8 
14 ND ND ND 4.10 1.20 180.7 36.10 457.5 14.40 341.6 8.11 6.19 6.57 73.70 3.30 181.0 
15 ND ND ND 1.00 0.50 61.10 13.40 99.40 2.40 66.50 8.11 6.19 6.57 21.60 1.00 57.20 
ND = not detected 
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B2: Fraction 106µm 
Week NAP ACY BNAP ACE FLU PHE ANT FLT PYR BAA CHR BBF BAP IND DBA BGP 
1 8.30 3.70 3.34 4.99 0.50 9.80 2.00 14.40 26.70 5.30 14.10 8.10 5.60 4.60 1.40 15.90 
2 6.10 2.40 3.34 0.20 0.40 6.90 1.40 11.10 19.80 3.70 10.90 9.10 3.80 3.40 1.10 11.20 
3 154.00 68.60 3.34 6.40 18.60 288.10 5.75 435.10 644.90 213.60 479.60 233.10 272.50 232.10 13.10 575.20 
5 100.20 46.00 1.00 4.99 22.60 306.60 48.10 647.90 911.90 235.10 817.10 524.20 263.30 270.60 107.80 698.40 
6 17.70 8.10 ND 0.70 0.30 36.00 6.90 68.90 112.50 27.20 76.10 22.00 26.50 20.10 1.10 63.50 
8 ND ND ND 4.80 10.70 178.00 34.20 526.50 689.40 232.30 8.11 6.19 6.57 114.90 44.30 230.60 
9 ND ND ND 1.90 5.40 111.20 21.70 144.00 275.50 54.70 146.50 35.00 59.60 38.80 1.80 135.50 
10 ND ND ND 2.20 4.60 113.10 20.80 158.20 289.00 139.40 150.70 88.70 55.80 38.70 1.30 127.90 
11 ND ND ND 2.50 5.90 150.40 28.90 253.10 453.40 198.10 8.11 6.19 6.57 55.20 12.30 172.80 
12 5.86 ND ND 3.00 6.90 179.70 31.20 358.90 597.30 91.50 8.11 6.19 6.57 69.50 3.10 211.70 
14 5.86 ND ND 2.60 0.80 163.10 32.50 390.10 9.10 301.20 8.11 6.19 6.57 70.80 25.60 175.10 
15 5.86 5.86 ND 2.60 1.10 179.30 34.10 344.70 559.40 251.20 8.11 6.19 6.57 61.40 3.20 163.20 
ND = not detected
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B3: Fraction 63µm 
Week NAP ACY BNAP ACE FLU PHE ANT FLT PYR BAA CHR BBF BAP IND DBA BGP 
1 ND 2.50 0.10 0.20 0.60 10.80 2.00 16.90 30.40 6.00 17.50 8.50 5.50 4.60 1.90 15.80 
2 ND 2.80 ND 0.30 0.80 11.40 1.90 20.50 35.50 5.80 22.70 11.90 6.10 4.80 1.80 17.20 
3 109.20 46.90 ND 6.70 2.50 282.80 5.75 648.10 851.50 291.00 817.70 584.60 353.70 289.20 117.40 679.50 
5 78.00 34.40 ND 5.70 14.10 196.70 28.40 352.30 605.00 119.10 476.20 264.60 145.20 113.70 53.80 395.10 
6 70.10 36.40 ND 4.99 9.80 162.20 27.30 248.60 377.90 97.50 299.10 98.90 114.00 121.00 5.90 339.70 
8 12.60 5.70 ND 0.40 1.20 21.80 4.50 36.90 60.20 39.90 42.70 12.90 14.90 13.10 0.60 44.60 
9 ND BDL ND 1.70 0.80 87.20 19.10 134.20 201.90 51.30 116.30 41.10 44.10 35.50 7.80 91.10 
10 ND BDL ND 2.30 6.70 144.90 27.70 245.20 472.30 101.90 8.11 6.19 6.57 54.40 1.90 181.40 
11 575.10 310.50 ND 2.40 6.90 141.50 25.70 227.40 406.10 229.80 271.20 71.00 81.40 57.90 2.70 180.70 
12 ND BDL ND 2.20 5.80 141.60 27.60 264.60 443.40 223.00 8.11 138.60 3.50 57.40 14.10 168.00 
15 ND BDL ND 1.50 0.70 115.80 22.40 7.00 289.90 119.60 8.11 6.19 6.57 32.90 7.40 92.10 
ND = not detected
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C: Sports Lane site (Kelvin Grove) 
C1: fraction 212µm 
Week NAP ACY BNAP ACE FLU PHE ANT FLT PYR BAA CHR BBF BAP IND DBA BGP 
1 4.10 0.50 0.30 0.60 0.90 5.60 0.80 4.70 6.00 0.90 4.20 3.10 1.30 249.35 0.70 2.90 
2 2.40 0.40 ND 0.10 0.30 2.80 0.40 2.60 3.80 0.60 3.20 2.30 1.00 0.70 0.40 2.60 
3 21.80 2.80 ND 2.20 4.90 28.60 27.80 21.80 38.20 6.20 30.90 23.10 13.50 ND 7.10 40.40 
4 7.74 ND ND 4.80 9.90 50.60 ND 35.10 55.20 9.60 54.50 36.60 18.80 ND 6.40 65.10 
5 6.60 1.20 ND ND 1.30 8.10 1.60 6.20 10.70 2.10 10.40 6.90 4.10 ND 3.50 10.10 
6 0.60 0.10 ND ND 0.10 0.80 ND 0.80 1.30 0.20 1.30 0.80 0.40 ND 3.50 1.50 
7 1.70 0.50 ND 0.10 0.20 3.50 0.60 3.00 5.60 3.90 4.00 1.90 1.40 0.90 0.30 4.30 
8 ND ND ND 4.99 1.00 18.00 ND 15.50 28.00 19.90 18.80 9.70 7.10 4.50 1.00 19.10 
9 ND ND ND 4.99 0.50 5.40 1.40 9.80 13.10 3.50 10.80 10.80 5.10 ND 3.50 5.90 
10 ND ND ND 4.99 0.50 1.80 2.30 1.50 2.50 0.50 2.90 1.80 0.70 ND 3.50 1.80 
11 ND ND ND 0.70 1.20 6.00 ND 4.60 8.10 6.30 ND 6.19 6.57 ND 3.50 3.70 
12 ND ND ND 2.00 4.00 28.50 2.60 25.60 0.80 28.70 ND 21.70 0.30 ND 0.70 11.20 
13 ND ND ND 4.99 0.60 84.00 15.70 131.00 223.90 87.30 1.70 19.80 1.60 21.50 4.90 71.10 
14 ND ND BDL 0.50 0.20 5.30 1.30 0.40 7.50 5.70 8.11 6.19 6.57 ND 3.50 3.40 
ND = not detected 
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C2: Fraction 106µm 
Week NAP ACY BNAP ACE FLU PHE ANT FLT PYR BAA CHR BBF BAP IND DBA BGP 
1 3.90 0.30 ND 0.30 0.50 2.40 0.40 1.90 3.20 0.50 2.70 1.60 0.80 ND 0.40 2.00 
2 2.40 0.70 ND 0.10 0.20 2.90 ND 2.80 4.80 0.80 3.30 2.00 1.10 0.90 0.30 3.20 
3 ND ND ND 5.60 11.60 76.70 ND 64.00 111.20 21.00 77.90 53.30 34.10 ND 14.60 123.60 
4 8.60 2.90 ND ND 1.10 13.50 2.90 12.70 23.20 3.90 15.30 10.00 7.30 ND 1.90 28.60 
5 15.90 5.00 ND 1.10 2.40 28.80 4.80 26.70 46.40 8.10 33.50 20.90 13.90 ND 3.50 45.50 
6 4.80 0.70 0.20 0.80 1.50 7.30 1.10 7.10 10.30 9.30 10.20 9.70 3.90 3.30 1.10 11.20 
8 ND ND ND 0.20 0.50 5.70 ND 6.00 11.30 7.50 9.10 5.90 4.30 ND 3.50 10.00 
9 ND ND ND ND 0.60 7.40 1.60 7.80 14.30 3.50 12.20 7.70 4.30 2.80 0.10 9.40 
10 ND ND ND 0.50 1.10 9.30 2.50 7.90 12.20 3.30 14.00 6.80 6.50 4.30 1.60 9.20 
13 ND ND ND 3.30 6.30 157.00 27.30 289.40 6.70 226.40 8.11 6.19 6.57 59.60 18.70 197.30 
ND = not detected 
 
 
 
 
 
 
 
  158 
C3: Fraction 63µm 
Week NAP ACY BNAP ACE FLU PHE ANT FLT PYR BAA CHR BBF BAP IND DBA BGP 
1 2.10 0.60 ND 0.10 0.20 2.30 0.70 2.80 4.80 0.70 3.00 1.80 1.10 0.80 0.40 2.70 
2 4.40 1.10 0.30 0.40 0.80 5.80 0.90 6.80 11.10 1.90 7.00 5.30 3.10 2.00 1.10 7.90 
3 36.00 13.70 ND 4.99 5.40 78.80 13.20 79.30 143.80 25.60 85.00 67.20 52.10 35.20 16.20 158.80 
4 57.40 20.10 ND 6.00 11.20 122.30 15.30 126.80 219.90 36.60 136.50 113.70 74.70 53.60 24.80 248.70 
5 44.70 14.40 ND 2.60 6.60 73.20 ND 82.70 140.80 24.50 108.70 83.20 52.50 40.40 2.00 191.00 
6 4.20 1.30 ND 0.20 0.60 7.60 ND 8.70 14.30 9.80 10.00 8.60 4.60 4.00 1.30 16.40 
8 ND ND ND 0.90 2.30 41.50 6.30 49.10 88.40 55.80 57.40 45.10 28.40 18.90 8.20 87.50 
9 ND ND ND 0.70 2.00 31.80 0.80 32.50 61.80 13.10 37.00 26.00 17.40 11.90 4.60 47.60 
10 ND ND ND 0.80 3.20 37.40 ND 34.60 59.80 33.30 41.80 15.50 22.20 15.40 5.20 38.50 
13 ND ND ND 4.20 7.30 143.20 23.80 277.30 8.20 212.70 275.50 196.40 56.40 43.70 11.70 134.40 
ND = not detected 
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Appendix 8 : TEF values used for determination of BAP equivalents of PAHs by Nisbet and 
LaGoy [167] 
Compound TEF values 
NAP 0.001 
ACY 0.001 
ACE 0.001 
FLU 0.001 
PHE 0.001 
ANT 0.01 
FLT 0.001 
PYR 0.001 
BAA 0.1 
CHR 0.01 
BBF 0.1 
BAP 1 
IND 0.1 
DBA 1 
BGP 0.01 
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Appendix 9: Normalised concentrations of PAHs 
A: Normalised concentrations of PAHs analysed in Under Freeway dust samples  
A1: 106µm size fraction 
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A2: 63µm size fraction 
 
Plot 1: High concentrations PAHs 
 
Plot 2: Low concentrations PAHs 
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B: Normalised concentrations of PAHs analysed in Sports Lane dust samples 
B1: 212µm size fraction 
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Appendix 10: PCA results (PC1 and PC2) for PAHs  
A: B level site (P block, Basement level parking, Gardens Point) 
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B: Under Freeway site (Gardens Point) 
B1: 212µm size fraction 
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B2: 106µm size fraction 
 
Membership components PC 
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B3: 63µm size fraction 
 
Membership components PC1 
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C: Sports Lane site (Kelvin Grove) 
C1: 63µm size fraction 
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